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EXECUTIVE SUMMARY
A, Objective

The objectives of this research effort were to (1) develop a procedure for designing
prefabricated roof clements for a rapidly erectable hardened shelter, (2) evaluate five structural
corncepts to select the most promising, and (3) experimentaily validate the design procedure
methods, assumptions, and estimates of strength, stiffness, and ductility via static load tests on
prototype beams.

B. Background

The Air Force requires & varicty of protective structures to protect against the airblast,
ground shock, fragmentation, and cratering effects of increasingly accurate and destructive
conventional munitions. Required characteristics of many of these new generation shelters
include rapid construction with reduced dependence on skilled lalcr, high levels of protection
from advanced weapons, and concealment. One concept under development consists of an
carth-covered snelter constructed with reinforced soil walls and prefabricated roof elements.

C Scope

The study developed and validated a design procedure for precast roof elements of the
modular hardened shelter.

D. Methodology

The design procedure developed represents a synthesis of existing analysis and design
methodologies described in textbooks, technical manuals, journals and concrete and steel codes.
A literature survey supplemented current knowledge and identified key areas for investigation, as
described in Section 2 of this report. Recommendations from the literature regarding appropriate
performance criteria, i.e., ductlity factors and support rotation, and appropriate measures of
beam stiffness were considered. The general level of threat, shelter widths, and maximum
allowable beara weight were also defined for concept evaluation.

The design procedure and its basis are described in Section 3, with actual formulae for
each concept and design mode prescnted in detail in Appendix A. The dynamic response of the
roof beam was determined using an equivalent single degree-of-freedom (SDOF) system, which
requires only moderate computational effort and provides sufficient accuracy for this type of
system. Additional design details are identified that must be adequaiely addressed to ensure that
the beam can develop its intended flexural swength and ductility. The design procedure is
explained and detailed for the five structural concepts considered herein.

Portions of the design procedure were validated by comparison of the static resistance
function using the simple procedure with the results of detailed nonlinear finite-clement analyses
for the initial three structural concepts.

Fiber-reinforced composite beams, including an in-house WL/FIVCS research program to
reinforce concrete beams using sheets of carbon-fiber reinforced plastic (CFRP), were
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investigated for this application. Pultruded fiberglass beams were also investigated to determine
their applicability for the roof elements. Conceptual designs for CFRP reinforced concrete
beams and pultruded fiberglass beams to withstand conventional weapons effects were developed
and evaluated.

An cvaluation of the reinforced concrete, prestressed concrete, and composite steel-
concrete concept. based only on estruated fabrication cost indicated that the steel-concrete
composite was the most promising candidate for the roof beams. Subjective evaluation of all five
concepts, including fiber-reinforced composites and pultruded fiberglass, used a more extersive
set of evaluation criteria reflecting cost, weight, handling, storage, erection and confidence and
indicated that the steel-concrete composite concept was most promising.

The utility and efficiency of the steel-concrete composite concept was further
investigated by consideration of the effects of confinement of the concrete in the top flange slab.
The beneficial effects of concrete confinement include a marked increase in strength and ductility.
The analytical investigations of this enhancing technology indicated potential benefits worthy of
further consideration. In fact, the steel-concrete composite with concrete confinement was
selected fur experimental verification by a prototype test program.

E. Test Description

A prototype test program was developed to provide experimental validation of the steel-
confined-concrete composite concept in terms of strength, ductility, and constructability.
Specifically, the static flexural resistarce function developed analytically using the design
procedure relies on full development of theoretical strength and reliability of this strength over a
wide range of ductlity, a factor yet unproven by experimental verification. In addidon to
validation of the static resistance function, the overall design procedure was partially validated
via prototype testing. Specifically, the non-flexure-related resistance of the concept, including
shear and bearing, were verifiea through the tests.

Prototype stezl-confined concrete composite beams were designed using the procedure
developed herein. Four beams were tested at the Structures Laboratory, U.S. Army Waterways
Experiment Station (WES) in Vicksburg, MS. The prototype test beams were fabricated using
standard coricrete, reinforcing steel, and plate steel. Standard welds and Nelson shear studs
(ASTM A108) were specified. Each beam was irsmumented with strain and displacement gages.

F. Results

The results of the four prototype beam tests were encouraging. Most impoiiantly, the
overall performance of the test specimens met and exceeded expectations as to strength,
stuffness, and ductility. Secondly, the test procedures and execution satisfied their intended
purpose. All four of the test specimens exhibited considerable ductility, far beyond that observed
and calculated for beams without significant confiring steel in the concrete. It is important to
note that none of the tests were stopped duc to immiinent or actual failure, but rather due to the
loss of rattle space between the beam and the floor or spreader beam. The test program
provided (1) a proof-of-roncept for the confined concrete-steel composite beam and (2) a
baseline to measure the accuracy and appropriateness of the analytical models and methods of
this work.



G. Conclusion

A simple design procedure for precast roof elements was developed and validated by
detailed analytical methods and prototype testing. An efficient, prefabricated, structural roof
beam was satisfactorily developed that met the logistical and weapons effects criteria established
for this project. This steel-concrete composite beam will permit beams with high strength to
weight ratio to be designed and constructed using conventional concrete and steel materials,
satisfying the desired objectives of this research program.

H Recommendations

The design procedure and concept evaluation should be further validated as part of a
complete program for full-scale field testing of a family of hardened shelters. The design
procedure should be implemented in a computer application for design use. In particular, the
design procedure should be adopted for use in design of modular, rapidly-erectable hardened
shelters.

L Application

The design procedure can be directly applied to design hardened shelter roofs and to
evaluate shclter roof concepts for a wide range of weapon threats and shelter geometries.

J. Benefits

The design procedure and the concept evaluations provide, in a concise and rational
format, a practical tooi and valuable guidance for design of hardened shelter roofs.

K. Transferability of Technology

Contractors for DOD projects requiring blast-resistant design of chelter roofs can directly
apply the procedures and guidance herein. Civilian projects requiring hardened roofs can also
derive design guidance from this study.




SECTION 1. INTRODUCTION
A BACKGROUND

The Air Force requires a variety of protective structures to accomplish its strategic and
tactical missions. These facilities, for example, include aircraft shelters, commmand centers,
critical maintenance facilities, and munitions storage. The structures must protect against the
airblast, ground shock, fragmentation, and cratering effects of increasingly accurate and
destructive conventional munijons. In many applications, such structures must be rapidly
erectable. In all cases, the cost of these facilities should be minimized consistent with the
peformance constraints and, where possible, made of lightweight elements that can be handled
easily. In an era of reduced budgets and manpower limitations, the importance of cost effective
and efficient structural systems is obvious.

Rapid and unpredictable changes in the scale and geographic diversity of future military
involvement requires a new approach to construction of hardened shelters. A high probability
exists for operating from forward "bases” which have not previously been used for military
purposes, or from rapidly constructed bare bases. It is likely that no hardened shelters will exist
beforehand to house aircraft, personnel, and munitions. Therefore, it may be necessary to
construct hardened shelters using troop units and equipment already in place or easily obtained/
deployed. Required characteristics of these new generation shelters include rapid construction
with reduced dependence on labor, high levels of protecton from advanced weapons, and
concealment. One concept under development consists of an earth-covered shelter constructed
with reinforced soil walls and prefabricated roof elements, shown in Figure 1.

The shelter consists of reinforced earthen walls lined with contiguous interlocking
modular wall panels that circumscribe the protected space. The structural roof consists of
prefabricated beams with an integral slab, placed adjacent to onc another on top of the modular
wall and part of the soil wall to form a continuous hardened roof. The structure will be covered
with soil and may have a burster slab and possibly projectile deflection layers of rock rubble or a
concrete deflection grid. The roof beams, wall panels, and additional construction materials
would be brought from strategic storage locations by ground, sea, or possibly air transportation.
Therefore, it is imperative that the beams be structurally efficient to minimize the individual
weight and total number requiring transport and erection.

The modular hardened shelter depicted in Figure 1 should provide a high level of
protection from the blast and shock effacis of a wide range of conventional, very lethal
munidons. This is in contrast to lightweight, rapidly erected "airmobile" shelters which provide
environmental protection and only minimal hardening against conventional weapons threats.




Figure 1. Modular Hardened Shelter (USAF photograph).
B. OBJECTIVE

The objective of this research effort was to develop a dynamic design procedure for
prefabricated roof elements subjected to blast loads. One of the goals in developing the design
procedure was to keep the computational effort simple so that the resulting analysis can be
carried out in a spreadsheet, or readily programmed in Basic, FORTRAN, or mathematical
applications programs such as Mathcad®. This will enable the end user to design roof elements
using familiar procedures without resorting to sophisticated computer modeling techniques. In
addition, the designer can quickly analyze and refine the roof beam design, or examine the effect
of various parameters, without resorting to a computationally intensive method such as finite
element analysis.




A second objective of the research was to evaluate five roof beam structural concepts and
then to select the structural concept that appeared most promising. A set of criteria and
weighting factors was developed for the purpose of selecting the most promising structural roof
concept.

C SCOPE

‘The scope of this research was limited to the roof system. The modular wall, reinforced
soil, and burster slab were not part of the research effort. Five concepts for prefabricated roof
clements were considered: conventionally reinforced concrete, prestressed (pretensioned)
concrete, stecl-concrete composite, externally reinforced concrete and pultruded fiberglass.
Based on the selection process, the steel-concrete composite slab was chosen as the preferre..
concept. An appropriate design procedure for each concept was documented in the text.

The design procedure represents a synthesis of existing analysis and design
methodologies described in textbooks, technical manuals, journals, and concrete and steel codes.
A survey of this literature was first conducted to supplement our current knowledge and identify
key areas for investigation, as described in Section 2 of this report. During this stage it was also
necessary to agree on the general level of threat, shelter widths, and maxiroum allowable beam
weight. Development of the dynamic design procedure included defining the general constraints
and formulating structural analysis methods suited to implementation in & spreadsheet or simple
computer program, as described subsequently in Section 3. As part of the concept evaluation
described in Section 4 of this report, validation of the structural calculations by finits element
analysis was conducted to ensure that the design procedure results agreed with those obtained
through rigorous analysis. This validation exercise was conducted on example beamn designs for
each of the initial three concepts. A cost model was developed and applied to the resulting beam
designs to avaluate their relative construction costs. Also at this stage several "excursions" were
magde to investigate a pumber of issues identified in the literature survey, specifically whether the
benefits of using high performance and/or lightweight concrete justified its consideration.

The paramount importance of minimizing beam: weight to impmve structural efficiency
underscored the next stage of development. Smaller, lighter beams for each concepr were
investigated and a more compleie set of evaluation criteria developed and used to evaluate the
resulting designs. As described in Sectiun 5, the most promising concept (composiie steel and
concrete) was further investigated to inslude the enhancing effects of concrete confinement.

Based on the results of the concept evaluation, a test program was designed and cxecuted
to validate the most promising concept. Static load tests were conducted on prototype beams to
determine their strength, stiffness, and amount of ductility relative to prediction by the design
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procedure and finite element analysis. The prototype test program is described in detail in
Section S.

In Section 7 of this report, conclusions are drawn regarding the development and use of
the design procedure and the concept which emerged as the most promising based on structural
efficiency and economic considerations. Recommendations regarding future work to improve
the overall design of the protective structure are also briefly described.




SECTION 2. LITERATURE SURVEY
A. ANALYSIS METHODS

Numerous researchers have previously investigated analysis methods and paramete:s
relevant to the design of modular roof elements. The most relevant of the results and
recommendations from the literature conceming flexural strength, shear strength, and dynamic
analysis of reinforced concrete, prestressed, and steel composite elements are summarized in the

following paragraphs.
1. Flexural Stength

References 1 and 2 describe tests and analysis of singly and doubly reinforced
lightweight, high strength, concrete beams. They found that the flexural design provisions of the
American Concrete Institute (ACI) were adequate to predict the strength of these beams
(Reference 3). The upper range of their experiments was an unconfined compressive strength,
f'c=11ksi and a ratio of actual to balanced steel, p/py,<0.54.

Reference 4 describes a computational procedure for predicting the flexural
resistance and ultimate deflection of concrete beams subject to severe concentrated loads. The
model uses linear distribution of strains and detailed constitutive models for the concrete and
steel. The concrete mo<'¢l includes the effect of transverse reinforcement in confining the
concrete with resuitant increases in ultimate strength and corresponding strain, and a correction
factor for the effects of web reinforcement. The detailed calculational effort involved in this
procedure resulted in very good agreement with experimental results for ultimate strength and
deflection.

Reference 5 developed a detailed flexural model to investigate the increased
flexural resistance of a concrete section with curvature ductlity factors of 10 and 20. This
research concluded that the moment capacity at yield from the detailed analysis is within 4% of
the nominal moment capacity predicted by ACI, and that the increase in capacity at high ductility
varies between 12% and 65%, depending on the amount of transverse reinforcement, ratio u.
compression to tension reinforcement, and amount of tension reinforcement. The result is also
very dependent on the strain-hardening behavior of the reinforcing steel actually used.

2. Shear Strength

Reference 6 investigated the shear strength of rectangular tzams made from
concrete with f'c=10, 17, and 18 ksi. They found that for non-prestressed members subject to




flexure and shear, ACI Code provisions overestimate the nominal shear strength provided by the
concrete when the compressive strength is above 17 ksi. For very high concrete compressive
strengths, the minimum quantity of shear reinforcing specified in the 1983 edition ACI Code
needs to be increased to compensate for the lack of conservatism. At some amount of web
reinforcement, the code equations become conservative again, regardiess of the deficiency in the
Ve (concrete shear strength) term. Therefore, it appears that the minimum amount of web
reinforcing depends on a limiting value of the compressive strength, which was changed in the
1989 edition of the Code.

Reference 7 describes tests of 14 beams and examination of 107 tests in the literature.
This study concluded that the ACI Code is conservative for both high strength concrete and
normal strer:gth concrete beams. Increasing f ' up to 12 ksi does not iower the safety factor, nor
does using high tension steel ratios.

3.  Dynamic Analysis Method

A single degr:e-of-freedom (SDOF) system is often successfully used to model
the dynamic flexural response of a simply supported roof beam. Reference 8 describes a SDOF
analysis with load-dependent, variable parameters rather than traditional constant SDOF
parameters. This approach requires development of a moment-curvature behavior of the specific
cross-section, integrating this for each load step to obtain the deformed configuration, including
the effect of end restraints, and then computing the parameters of an equivalent SDOF model.
While this approach offers advantages for nonsymmetric cases with complicated boundary
conditions and is still fast and convenient relative to multi-degree-of-freedom (MDOF) and finite
element models, it was deemed overly detailed for the design procedure analysis. Reference 9
presents an analysis technique for reinforced concrete beams subject to impulsive loads utilizing a
nonlocal continuum damage/plasticity model within a Timoshenko beam finite element.  Such
refinements in the analysis, which replace approximations and simplifications with analytical
steps, undoubtedly yield greater accuracy, as seen by the close agreement with laboratory
experimental results. While the more advanced techniques improve our understanding of the
physical response of structural elemenis under dynamic loads, the rationale given in Reference 10
for using approximete design methods is still relevant:

"From the viewpoint of practical design, the approximate methods
presented here [SDOF constant parameter methods] are extremely
important. They should not be regarded as merely crude
approximation, to be used for rough or preliminary analysis, nor




should they be regarded as methods to be used only by engineers
who lack the training or intellect to employ mors sophisticated
techniques. Problems in structural dynamics typically involve
significant uncertainties, particulaily with regard to loading
characteristics. Such being the case, complex mett.ods of analysis
are often not justified. It is a waste of time to employ methods
having precision much zreater than that of the inpur of the
analysis.”

To ensure that the roof element develops a flexural deformation mode to absorb
the blast energy, providing sufficient shear resistance is a must. In this regard, the SDOF analysis
method tends to be unconservative when the duration of the dynamic load to the first natural
period of the clement is less than about 0.4 (Reference 11). Guidelines given by (Reference 12)
are:

- For load duration tg greater than the first natural structural period T, the first
mode govems the response and the approximate analysis can be used.

- For t4<T1, the higher modes should be taken into account, and the Bemoulli-
Euler beam theory gives a proper solution.

- For ty<<T1, very high modes become important in the beam response and
rotary inertia and shearing deformation have to be taken into account, and the Timoshenko beam
theory is appropriate,

To illustrate, for a Bernoulli-Euler beam, ratios of the contribution from the first
and third modes for a uniformly loaded, simply supported beam are y1/y3=:243, M}/M3=27, and
V1/V3=9, for the deflections, moments and shears, respectively (Reference 10, pg. 165). While
the first mode remains dominant, the higher modes of the beam response include a significant
contribution from the high frequency content of the loading impulse. Reference 13 points out
that given the approximate method for computing support reactions in Reference 14 may
underestimate the maximum value for short duration loads, so this reference (14) was not used.

B. ASSUMPTIONS AND APPROXIMATIONS
| Ductility and Support Rotation
Previous research regarding appropriate performance criteria for dynamic

response of beams was investigated. The relevant findings for selecting appropriate ductility
factor and support rotation performance criteria is described in the following paragraphs.
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. Reference 15 (pg. 637-639) defines the ductility ratio for reinforced concrete
clements as the ratio of curvature at ulZiwzate strength to curvature at first yield. This value
should be less than 20 for singly ard doubly reinforced members. A procedure for calculating
this ratio for rectangular singly and doubly reinforced beams is given.

Reference 16 (pg. 6) uses support rotation as a performance criteria for
reixfrced concrete elements. At 2° of support rotation, the compression concrete crushes.
Between 2° and 4°, there is slight loss in moment capacir: 2f*or “he concrete crushes and the
compressive force is transferred to the compression reinfarsmeni. This requires an equal
amoant of compression reinforcement and tension reinforcement. Above 4°, the member loses
structural integrity and fails. The preceding applies to members with shear reinforcing that
provide shear resistance greater than the flexural resistance and provide restraint of the
compressive flexural steel. Ductility factors for beams used as privnary support members (versus
slabs) for personnel protection stould be more restrictive, and are limited to a ductility factor of
10 or 0.5° of support rotation. Structures to protect equipmen: or explosives may be designed
for deflections up to incipient failure.

For steel structures, Reference 17 states that the ductility factor can go as high as
20 and support rotation can go as high as 12°, provided lateral bracing is adequate. For beams
where safety of personnei is required, the ductiiity factor should be less than 10 and support
rotation less than 2°. In order to realize this magninide of plastic behavior, seccondary modes of
failure must be avoided. These modes are categorized as cither instability or bxittle modes of
failure. Instability in.sludes overall buckling of the member or buckling of coruponent elements
(¢.g., flange buckling or web crippling). Brittle modes incinde local stress concentraticns and
residual stresses, poor welding, notch sensitive steel, shock loading or rapid strain rate sensitive
steel, low temperatures, and triaxial tensile stresse:. in thick gusset plates, webs, and in th=
vicinity of welds. These brittle modes can be remedied by utilizing a type of steel that conforms
to conditions anﬁcipﬁted in service, enforcing high standards in fabrication and workmanship,
and careful design oi connections.

Ref:rence 18 presents ductility ratios reproduced from Reference 19, except that
the ductility factor for reinforced concrete beams responding in flexure with at least 1/4 as much
compressive as tensile reinforcement is reduced from 7 to 6. Reference 18 recommends using
support rotation rather than ductility factor for the design of reinforced concrate members, based
on the limiting values from Reference 16. For support rotations raaging from 0°-2° ultimate
flexural resistance is maintained. Additional rotation results in crushing of concrete. Rotations
from 2°-4° require symmetric tensile and compressive steei with either adequate shear
reinforcement or lateral restraint.

11




Reference 19 presents generally conservative ductility factors resulting from
experience in design and cvaluation of many protective facilities. For reinforced concrete failing
in flerre, with compression reinforcement at least 1/4 the tension reinforcement, a ductility
factor up to 7 is allowed. The corresponding value for steel beams failing in flexure, assuming
no instability, is 12.

Reference 20 provides a table of ductility factors for impulse and impact loads
based on some very early work and analysis. The ductility factor for reinforced concrete beams
in flexure is given as 0.1/(p-p") 5.10, with the limiting value for slabs given as 30. This format
for the ductility ratio first appears in Reference 21 as 0.1A¢ /(Ag-A'9 < 30 for reinforced
concrete beams. For structural steel, the ductility ratio of 20 is allowed for beams with adequate
bracing to prevent local and lateral buckling (Reference 20).

References 1 and 2 describe tests and analysis of lightweight, high strength, singly
and doubly reinforced concrete beams. For singly reinforced beams, they found that to achieve a
displacement ductility factor of 3, p/pp should not exceed 0.4 for f 'c = 8 ksi, and 0.2 for f ' = 11
ksi. For doubly reinforced beams, both normal and high strength concrete exhibited a ductility
factor less than 3 when reinforced with p/py, greater than 0.4, and beams with f 'x = 11 ksi
exhibited a ductility factor that was marginally acceptable when reinforced with p/py, of 0.22.

Reference 22 describes tests on beams with fo of 12 and 15 ksi with
reinforcement ratio p/pyp values from 0.066 to 0.54. The beams were doubly reinforced with an
equal amount of compression and tension reinforcement. They observed ductility factors
between 7 and 20, computed as the ratio of the deflection at ultimate to the deflection at first
yield of the tension reinforcement. Their results led them to conclude that concerns about the
use of high strength concrete possibly resulting in a decrease in member ductility is largely
unfounded. The parameter p/py, was found to control the load-deflection behavior and ultimate
ductility; members with low p/py, values experienced large deformations at relative constant high
loads before the maximum load was attained, whereas beams with high values of p/py, exhibited
significant load drop immediately upon crushing of compression concrete, followed by strength
gain as the compression steel compensated for the crushed compression concrete.

Reference 23 uses a curvature ductility ratio, defined as the ratio of the curvature
at ultimate to the curvature at first yield of the tensile reinforcement, to study the effect of design
parameters on the ductility of doubly reinforced concrete beams. This study concluded that the
available curvature ductility factor increases with decreasing values of p, increasing values of p',
decreasing values of fy, or increasing values of f 'c. Each of these factors tend to decrease the
depth of the neutral axis both at first yield and at ultimate strength. They recommend




p-p' <0.5py for curvature ductility factors greater than 4, and p-p' < 0.75pp for ductility
factars greater than 2.

In the mid 1960's, reinforced concrete design transitioned from working stress
design to ultimate strength design. Results from experimental studies conducted on the strength
and ductility of reinforced concrete beams formed the basis for the underlying guidance used in
the current ACI Code (References 24, 25, 26 and 27). These experiments verified the validity of
using the equivalent concrete stress block, equilibrium of forces, and strain compatibility to
calculate the nominal flexural strength of a beam. Formulas were developed to calculate the
ultimate strain capacity of the compressed concrete, yield and ultimate curvatures, the length of
plastic hinging zone, and inelastic rotation of the beam at ultimate capacity. It was demonstrated
experimentally that the rotational capacity of a beam under loading producing a moment gradient
is greater than that for a similar beam with constant moment. Further work investigated the
effect of ultimate concrete strain and strain hardening of tension reinforcing, and obtained beam
rotational capacities of 4.5° to 5.7°. Tests on small and large beams found no evidence of size
effect.

In a review of blast-resistant design work in the Peoples Republic of China,
ductility ratios for static and dynamic flexural tests are reported to be as high as 10 for beams
with small amounts of reinforcement (Reference 28). This study presents a plot of ductility
versus a/d, where "a" is the depth of an equivalent stress biock and "d” is the effective depth of
the section. A curve fitting this data expresses this relationship as p=0.45/(a/d), as shown in
Figure 2. A comparison with the results reported by Reference 22 reveals some interesting
similarities. Transformation of the p/py data from Reference 22 into an equivalent a/d rato
shows that the ductility results from these two investigations agree quite closely (see
Figure 2). This transformation is accomplished by expressing balanced failure condition as
ap /d =P, (87,000/(87,000+1y) for singly and doubly reinforced beams, where ay, is the depth
of the stress block for balanced condition, P1 is a function of the concrete compressive strength
and fy is the yield strength of the reinforcing steel in psi. These results are generally consistent
with those reported in Reference 2 for doubly reinforced high-strength, lightweight beams.

13
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Figure 2. Duetility Factor For Reinforced Concrete Beams
with Varying Amounts of Reinforcing.

2. Beam Stiffness

Previous research into reinforced concrete beam deflection and stiffness has
generally concentrated on short-term static behavior. The relevant rescarch in this area, and the
recommendations for consideration of ultimate dynamic response, are summarized in the
following paragraphs.

The ACI Code (Reference 3) presents a formula for computing beam deflections
at service loads, well below ultimate. Researchers continually publish suggested revisions or
alternatives to this formula for effective moment of inertia for short-texm deflections. (e.g.,
References 30, 31). Although the ACI formula and suggested alternatives adequately predict
short-term defiections under service loads, they are cumbersome to use and do noi explicidy
include many parameters that characterize response of reinforced concrete beams (such as
reinforcement ratio p).




For reinforced concrete, Reference 10 recommends the use of the average of the
gross and cracked section moment of inertia for SDOF dynamic analyses, and presents a formula
for moment of inertia for rectangular, singly reinforced beams, based on Reference 29:

Ia =%i(5.5ps+0.083) 1

Reference 15 uses the value of average section moment of inertia recommended
above by Reference 10.

Similarly, Reference 16 recommends use of the average of the gross (non-
transformed) and cracked section moment of inertia where the latter is obtained from formulac
and graphs presenting coefficients for various reinforcement ratios and modular ratos for
rectangular sections and slabs.

Whereas Reference 18 does not specifically recommend a value for remferced
concrete beam stiffness, a worked example therein uses the approximation given in Reference 10.

Reference 19 presents equations for natural period of concrete beams based on
various end conditions, length, reinforcing ratio, and effective depth. This source also provides a
correction term for shear deformation. In addition formulae for natural periods of steel beams
based on varying end condition, length, weight, moment of inertia, and steel modulus are

presented.




SECTION3. DESIGN PROCEDURE

The design procedure represents a synthesis of existing analysis and design
methodologies described ip textoooks, technical manuals, journals, and design codes.
Recommendations from the current literature have been incorporated where appropriate. The
design procedure is described in this section, with related formulas in Appendix A.

A.  PROBLEM DEFINITION

The initial step of the design procedure is to define the constraints and performance
criteria for a specific type of shelter and threat. Constraints include the geometry of the shelter,
blast loading, and maximum allowable weight of the beams. Performance criteria, the allowable
limits of dynamic structural response, are based on deflection ductility and support rotation.

1. Constraints

Advanmges in fabrication, handling, storage and erection of flat roof elements,
coupled with the reinforced ecarthen wali concept, favored using straight beams versus arched or
cambered roof elements. The roof was envisioned to consist of adjacent simply supported beams
spanning the short dimension of the shelter. This study considei >d roof spans of 20 and 50 feet
covering the expected range for personnel or aircraft shelters. The roof will likely have a
covering of soil and may have additional protective layers. For preliminary comparisons of the
initial three roof concepts, the shelter was assumed to have 6 feet of overlying soil with a burster
slab. '

This design procedure relies on methodologies for threut assessment, weapons
effects, and determination of structural loading from other sources. The assumed threat, for
preliminary design and concept comparison, was a 1000 Ib. general purpose bomb. Guidance in
developing detailed structural loading from such a threat, including the effects of soil-structure
interaction are contained in References 32 through 36 as well as numerous supplementary papers
presented in References 37 through 42. For purposes of this study, the structural load was
determined from the soil pressure for the coupled, contact detonation of the bomb at the level of
a burster slab, 6 feet above the roof structure surface.

The resulting soil pressures were calculated using the microcomputer
implementation of the procedure of Reference 36. Figure 3 shows the computed peak pressure
and impulse on the roof for this threat. This pressure distribution, both spatially and temporally
nonuniform, is approximated for subsequent analysis purposes by an equivalent spatially uniform




pressure distribution. ‘This equivalent uniform distribution of pressure was chosen to produce a
midspan moment identical to that from the nonuniform peak pressure distribution. The duration
of the equivalent uniform pressure loading was selected based on the nonuniform impulse at the
approximate 1/4 points of the span. Figure 4 shows the resulting ~ero rise time, triangular
pressure pulse magnitudes and durations for the 20 and 50 foot spans. More rigorous techniques
for computing structural loading for specific threats, shelter geomewry, and material properties
would be used once the ranges of required input parameters are established. The current study
focuses on development of a procedure for structural design of the roof, and therefore the loads
were chosen to simply reflect a reasonable design situation.
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Constraints on beam geometry and weight must consider the types of equipment
normally available for transportation and erection of the beams. For example, the complement of
equipment assigned to an Air Force "Red Horse" unit includes light earth-moving equipment,
backhoes, and cranes. With this equipment, beam weights up to 15 tons could be handled.
During initial concept development and evaluation, beams were equally sized to weigh 15 tons
for comparison. Realistically, however, the availability of a 15 ton crane in a combat situation is
practically nil. In addition, committing valuable air and ground transportation capacity to hanling
roof beams will require serious consideration. A very direct relationship exists between size and
weight of roof beams and the level of protection they provide. Therefere, during an actual
design phase, the designer should make a pragmatic study of resources readily available to the
field troop units and the level of protection desired to determine a maximum allowable weight
and size for the roof beams.

2. Performance Criteria

The purpose of this section is to describe the aliowable limits of the structural
response to dynamic loads. The two primary performance criteria are deflection ductility factor
and support rotation. Rationale for these criteria and the allowable limits will be described.
Limits will be given for the different materials and structural systems that might possibly be
utilized for roof elements.

Ductility measures the capacity of a structure to absorb energy equal to the work
done by the applied loading. As seen in Section 2, two common definitions of the ductility factor
are (1) the ratio of curvature at ultimate to curvature at first yield, and (2) the ratio of the
maximum dynamic deflection to yield deflection. The definition based on curvature is more
common in structural analysis with regard to the resistance of swuctural members and
connections to seismic loads. The deflection ductility factor is preferred in blast-resistant design
because the analyses usually calculate the deflection of the structural element.

An additional distinction should be made between material ductility and sectional
ductility. Concrete is by-and-large a brittle material; it cracks in tension (and shear) and crushes
(often explosively) when its compressive strength is exceeded. Steel, on the other hand, is
characterized by yielding followed by significant elongation and contraction in tension and
compression. In design of a flexural memboer, the sectional ductility is the more important; thus,
in a reinforced beam, simply increasing reinforcement (materially ductile) and not changing the
concrete (materially brittle), will change the section from ductile to brittle behavior. In effect,
adding more reinforcement may cause the brittle concrete to govern the section behavior.
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Copversely, using higher strength concrete withour modifying the reinforcement, has a benelcial
effect on sectional ductility even though the material itself is more brittle than normal strength
concrete.

The ACI Code (Reference 3) does not directly prescribe ductility limits. Rather,
it sets an upper limit on the araount of reinforcement in reinforced corcrete and prastressed
concrete beams. For reinforced concrete, this liniit 15 75% of the reinforcement associated with a
"balanced" condition. This baiance pcint is the theoretical wransition between a ductile failure
governed by vielding of the reinforcing steel and a hrintle failurc governed by crushing of the
concrete prior to yielding of the reinforceinent. By limiting the amount of reinforcing to 75% of
that sor a balanced condition, branus designed accordingly wall have sorce ductility. In usual
practice, reinforced concrete beams have between 20% to 50% of the "balanced” reinforcement.
This ensures that the beam will have a ductility of 3 to 5 (Reference Z). Ihis study adoptad 3
maximum allowable ductility tactor of §. This compares with a value of 7 in Reference 19 for
beams with at least 1/4 as much compression steel as tension steel, aad a ductility of 6
recommended in Reference 18.

Support rotation, calculeied 2s the anguisr mtation of a point at midspan relative
to an end, provides another useful criteria for assessing structural response. Support rotation
roughly corresponds to the amount of curvature in the yielded "hinge" region of the beans where
moment is highest. As described in Sectiva 2, the ability of a beam to develop a hinge without
significant loss in load capacity requires that the concrete in compression remain relatively intact.
This occurs for a normally proportioned reinforced concrete beam when tlie tension steel yields
while the concrete is only moderately strained. Concrete beams with a relatively high ratio of
gansvenic reinforcerment, in the form of closed hoops, can experience large curvatures due o the
effects of concrete confinement. This enhancing effect will be treated in more detail in Section S.
More commonly, longitudinal reinforcement is placed in the compression zone, with the effect of
reducing the concrete area required to halance the tension steel force. Since the beam width is
fixed, the position of the neutral axis shifts upwards, causing an increase in the curvature.

The iateraction of many factors results in a fairly complex procedure for
estiruating  support rotation (References 24 though 27). In general, normally propordoned
reinforced concrete maintains its ultimate flexural resistance for support rotation up to 2°.
Achieving support rotation up to 4° requires an equal arnount of tension and compression
reinforcement, as weil as transverse reinforcement to confine the compressive reinforcement and
prevent shear failure (References 16 and 18). For this study. a limiting supoort rotation of 4°
was used for cvaluation of all congepty.




B. DYNAMIC ANALYSIS METHOD

The dynamr: response of the roof beam is determined using an equivalent single degree-
of-freedom (SDOF) model which provides a number of advantages. This approach requires only
moderate computational effort yet provides sufficient accuracy for simply supported beams, thus
allowing the analyst to investigatc a wide range of designs. The analysis may be carried out by
hand, with the use of readily available response charts (e.g., References 10, 14, and 43), or with
a computer using a team analysis program (e.g., Reference 44), and SDOF analysis program.
This approach is widely used and, therefore, familiar to the design community performing work
in this area,

Strain rate effects due to high dynamic loading and response ratcs tend to increase
apparent strength of the construction raaterials, compared to the nominal strengths measured by
static mill tests. This strength increase is typically considered in the dynamic analysis by a
perventage increase in the range of 10-15% for stecl and concrete (e.g., Reference 16, 19). In
this study, a 10% increase is applied to the static strength of concrete and conventional (mild)
sieel. No increase 5 apylied o presiress strands.

This section briefly summarizes the SDOF unalysis method vsed in the design procedure.
The basis for the method, its assunptions, and how it is applied to the current problem of
designing roof beams is described. The formutas for determining flexural resistance and stiffness
are contained in Appendix A.

1. Calculation of Flexural Resistunce

The two basic requirements used to calculate flexural resistance are strain
compatibility and force equilibrium. Addiional assumptions and limitations given in the ACI
Ruilding Code (Referznce 3; and the American Institute of Steel Construction (AISC) Manual of
Steel Construction (Reference 45) provide additional guidance. The assumptions and approxi-
nations inherent in the calculation of flexural resistance are:

1) Strain is directly proportional to the distance from the neutral axis.

2) Concrete compressive stress is modeled by a uniform rectangular stress block with
a stress of 0.85f ‘¢ acting over a depth a=f1c, which should not be greater than the
thickness of the top slab, where ¢ is the depth to the neutral axis.
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3)

4)

7

%)

9)

10)

Stress in reinforcing steel oz plate is proportional to striin up to sieid, thereafter,
stress is taken as f,, for iae grade of reinforceraznt used.

Tension and compression reinforcernent are lunped at two depu:s relative to the
top of the beam.

Maximum usable concrete compressive strain is .03,
Tensile strength of concrete is neglected.

Flexural strength of a steel-concrete composite section is determined from a plastic
stress distribution on the composite section; the web height and thickness must
meet a given criterion, and sufficient shear connectors are provided to develop the
maximum flexural strength of the composite beam.

Effective width of the slab b, on each side of the centerline of the beam or webs
does not exceed one eighth of the beam span or one-half the distance to the
adjacent web (see Figure 5).

The ratio of beam length L to effective depth d will not be less thaa §.

No load factors are used, and resistance factors "¢" are set to unity.
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Figure 5. Effective Width of Slabs for Three Concepts.




Appendix A contains details of the closed-form equations for the static resistance
for each of the concepts considered. These equations were developed for box or T-shaped
rzinforced or prestressed concrete sections and include cases in which the compression
reinforcement does or does not reach yield. The formulas presanted require that the compression
zone occers entirely within the top flange. This resuits in 2 more efficient design and avoids
ambiguities that arise in computing the depth ¢f the compression block (Reference 46). The
fomulzs for reinforced concrete and stezl-concrete composite provide a direct solution; the
nrestressed cozcrer. fonmulas generally require one or two iterations to obxain a close estimate
of the stress in the prestressing strand. Additionai formulas are presented for checking the
permissible reinforciag razo and choosing an adequate steel web for the composite beam.

The rominal mnment capacity is then expressed in terms cf the maximumn: force
pinduced by a uniformly distributed ioad. Subtracting the weight of the beam and overlying soil
layer provides the nei beam resisiznce for the SDOF model.

2. Calculation of Elemcnt Stiffness

Calculating the roof Leam stiffness entails making an essumption of the effective
moment of inertia I.. In dyn=mic analysis, this is generslly taken for reinforced concrete as the
average of the gross section nom::ntofinmlgmdcmcbdsecﬁonmomemoﬁnmialm as
descritad in Section 2. Neglecting the contribution of the reinforcement on the gross moment of
inertia has been shown to be a reasonetls sinpification (Reference 30). The stiffness calculation
for the composite sieel-concrete beam uses the gross momeat of incrtia of the transfurmed
section. Finite elemeat analysis provides a means of validating these assumptiors, as described
later in Section 4. The details of computing beam moment of inertia and stiffness are presented
in Appendix A.

3. SDOF Cuiculation

The cquivalent SDOF model of the beam is obteined by using transformation
factors appropriate for the intended level of response, load distribution, and boundary condizicns.
The technique for obiaining transformation factors, as well ac numeric valuss for the load-mass
transfurmation factors K| ) that werc used, is escribed in Reference 10. Herein, this method of
analysis invoives approximating the beam response as clastic-jerfectly plastic with a plastic hinge
conventrated at midspan, the load as a uniform distribution with some average duration, and the
supports on cach end as infinitely rigid and strong. These simplifying aprroximations are




acceptable given the uncertainty associated with threat assessment and determination of the
actual, time-dependent structural loads.

Refinements such as those proposed in References 8 and 47 to more accurately
represen'. the nonlincar beam response, nonlinear nonsymmetric support conditions, and soil-
structure interaction are justified when greater accuracy is required or when actual coastruction
conditions are better known, such as analysis of lab or field test results. Alternatively, using a
refined model during final design allows the engineer to evaluate the design parameters which
have the greatest influence on the performance of the shelter. Specific suggestions along these
lines are given in Section 8: Conclusions and Z.ecommendations.

The response of the resulting SDOF system cen be determined using prepared
response charts or numerical integration of the equations of motdon. The present study utilized a
constant acceleration integration method. This calcnlation was performed in a spreadsheet that
also contained the formmlae for beam resistance, mass, and stiffness. By combining the numerical
integration with the resistance function procedure, a very useful design tool was obtained. The
same result could be accomplished by developing a Basic or FORTRAN program: containing the
same calculations. A spreadsheet was chosen because of the low-overhead, flexible
programming environment, and ad-hoc graphics capabiliies. One disadvantag: of the
spreadsheet fonunat is the inherent difficulty in checking and "debugging” complex formalas.

The results from either graphical or numerical integration were compared with the
performance requirements to determine the suitability of a design. Solution of tiic SDOF sy'stem
graphically gives the ductility, from which the maximum displacement and support rotation can
be obtained. When numerical integration is used, the maximum displacement is obtained directly,
from which the ductility and support rotation are calculated. If either requirement was exceeded,
the design was modified and the analysis repcated. Once an acceptable design was obtained, it
was checked to »nsure that flexural failure was the govening response of the beam. This was
primarily a matter of providing adequate shear reinforcement.

The design procedure uiilizes two methods to estimate the dynamic shear force in
the beam. A third method would be used when response charts are used to obtain the system
respouse. The first approach considers the dynamic equilibium of the load and the beam's
resistance and inertia. This approximate method uses the assumed deflected shape to calculate
the inertial force. Summing moments about the midspan leads to a simple expression for the
dynamic reaction invelving the applied force and resistance for both the elastic and inelasiic
ranges (Reference 10}.

The second approach includes the contribution from the higher normal modes
which become increasingly important for calculations involving higher derivatives of the
deflection expression, as for shear (Reference 10). As described in Section 2: Literature Survey,




for short duration loads that are not purely impulsive, a Bernoulli-Ealer beam may be used, and
shear deformation and rotational inertia are neglected. In the firse step, the natural frequencies
for modes one, three, and five for a single span, simply supported beam with uniform mass are
determined. Dynamic load factors were then calculated for SDOF systems with these
frequencies. The shear force at any given distance was computed by summing the contribution
of the modes considered. Specific formulas are given in Appendix A.

Since this approach only applies to an elastic system, this normal mode technigue
was used to calculate the beam shear for time sieps up to the yield point. This was adequate
because the high frequenc, ccntent of short duration dynamic loads causes the maximurmn shear
to occur before the beam has reached the point of maximum resistance. The higher of these two
results was then used for designing the shear reinforcement.

A third method would be used when solution is obtained from response charts
rather than numerical integration. A conservative approximation for the dynamic shear can be
determined by combining the initial load magnitude and maximum resistance using the expression
for the dynamic reaction in Reference 10.

C. ADDITIONAL DESIGN DETAILS

The purpose of this section is to identify and generally describe the structural
requirements that must be adequately designed to ensure that the beam can develop its intended
flexural strength and ductility. Other Limit states, such as shear failure, must be preveanted from
goveming the ultimate strength of the beam. This requires careful investigation of all potential
failure modes and designing and detailing the beam such that flexural response govems.

Due to the importance of these design considerations, several conservative assumptions
were made; namely, the strength reduction factors from the relevant portions of the concrete and
steel design codes (References 3 and 45) were used to factor the nominal strengths and material
properties, but were not increased for dynamic load effects. Member sizes were proportioned or
checked for conformity with code provisions for concrete cover, rebar, or strand spacing and
weld requirements. Some of these associated design considerations are described in the following
sections.

1. Reinforced Concrete Concept

Since the design procedure treats shear behavior as a nonductile response mode,
the factored shear resistance of the beam must equal or exceed the estimated dynamic shear
force. This is exactly the same as the design for conventional loads, and, therefore, the designer




is referred to textbooks for more complete details on designing and detailing shear
reinforcement. The discussion herein will touch on some of the issues that are particularly
relevant to blast-resistant design.

The shear resistance of a reinfarced concrete beam cousists of two parts, the
concrete shear capacity V¢ and the shear reinforcement capacity Vy,. The ACI code allows V
to be taken as:

Ve =2yt c(byd) @

where by, is the width of the web and d is the effective depth to the reinforcing. The alternate
equation:

i Vyd
Ve = oy +2500p i bt )
where: Pw = A,/ (b,d)

Vu. M, = acting shear and moment at section

should not be used because it underestimates the effect of py, for beams without web
reinforcement and is not eatirely correct in its treatment of a/d (expressed as Vy,d/My). For
these reasons, the ACI-ASCE Committee on Shear and Diagonal Tension recommended that this
equation not be used (Reference 48) and the ACI Code suggests that the first equation provides
a convenient estimate of the concrete shear capacity.

In the section on seismic design, under certain conditions the ACI Code does not
allow using the concrete capacity V¢ for computing the shear resistance. This requirement is
based on experimental studies that demonstrated that more shear reinforcement is required to
insure a flexural failure if the member is subjected to alternating nonlinear displacements in the
absence of axial loads. This stratagem is intended to increase the amount of shear reinforcement,
not reduce the amount of concrete. In fact, the concrete core may resist all the shear with the
shear reinforcement providing confinement and, thus, strengthening the concrete. While it is not
suggested that the concrete capacity Ve be neglected in designing the shear resistance, the
designer should be aware that load reversal during rebound and subsequent reloading will cause
complex stress patterns that ordinarily do not occur in members under monotonic loads.

Design of shear reinforcement is based on the number of wransverse reinfarcing
bars crossed by a potential diagonal shear crack. The ACI Code gives the amount of shear
capacity provided by transverse reinforcing to be:
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reinforcement and s is the spacing between hoops or stirrups. Stirrups should not be used, but
rather closed hoops or hocps constructed from a stirrup and crossiie, as described in ACI 318
21.3.3.5. Hoops serve to confine the concrete, engage and laterally support the longitudinal
reinforcement, and provide positive anchorage for the vertical legs of the transverse
reinforceraent. Combining the above equation with the concrete capacity V. gives:

s

Vu SO(Ve +V;) &)

where V), is the shear force computed by the dynamic analysis. Substitution of the expressions
for V. and V; and rearrangement gives the design equation:

Ay _ (Vy ‘¢2\/f_'c. bwd)
s ¢fyd
Minimum spacing of transverse reinforcing is given in ACT 318 11.5.4.1 and 11.5.4.3 as the
smallest of d/2 or 24 inches, or when Vg exceeds 2V, d/4 or 12 inches. The latter values also
appear in the corresponding code section on seismic design, ACI 21.3.3.2, in addition to such
ing not exceeding eight times the diameter of the smallest longitudinal bars or 24 times the
hoop bar diameter. The primary purpose of this requirement is to confine the concrete and
maintain lateral support for the longitndinal reinforcing bars in regions where yielding is
expected. In the middle of the beam, the requirement for area of reinforcement should be based
on the minimum requirement, given as:

©®
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Applying this requirement to the case of a simply-supported, single-span, dynamically loaded

beam, transverse reinfarcing occurs not only near the ends, but also in the middle of the beam.

This reinforcement should extend over a length equal to twice the member depth on both sides of

a section where flexural yielding is likely to occur.

The ACI Code limits the shear capacity Vg not greater than &J’ti(bwd) as a

means of controlling crack widths at service loads. Since service loads do not represent a
significant fraction of the strength of blast-resistant roof beams, this requirement appears




irrelevant. However, a second reason for this limit which does apply to the present case is
controlling the stresses that develop in the compression diagonals in the web of a beam. This is
accomplished in some codes by limiting the ultimate shear stress to 0.2 to 0.25 times the
compressive strength of the concrete. The ACI Code limit on Vg for crack control provides
adequate safety against web crushing in reinforced concrete beams.

2 Prestressed Concrete

Design of shear reinforcement for prestressed concrete is performed according to
ACI Code Chapter 11.4. Several differences between prestressed and conventional reinforcing
include the effect of prestress on the shear capacity of the concrete V¢, the location of the critical
section at h/2 versus d from the support, and the spacing limits for shear reinforcement of 3h/4
versus d/2 for prestressed versus conventional reinforced concrete. The procedure for
calculating the shear capacity V. will be described. As mentioned carlier, the designer should
refer to a concrete design textbook for additional information on shear design and reinforcement
detailing.

For the case of a uniformly loaded, simply supported beam, the shear capacity of
the concrete V varies acconding to:

' Vud
Vo = (O.6J;': +700-M—u-)bwd ®
where My, and V,; are the factored moment and shear at the section being investigated. V¢ need

not be taken less than ZJt—";(bwd) nor greater than SJf_'c(bwd). The quantity V,,d/M, is
limited to values less than 1.0, and for the case being considered, can be expressed by:

Vud _ d(t-2x)

_ﬁ: T x(l-x)
where ¢ is the span length, x is the distance from the support to the section being investigated,
and d is defined ar the distance from the extreme compression fiber to the centroid of prestress
reinforcement.

The calculation for V; abuve assumes the prestress is at 100% of its effective
value. When the critical section (h/2) is closer to the end of the member than the transfer length
of the prestressing tendon, V. must be reduced accordingly. Within this region the prestress is
assumed to vary linearly from zero at the end of the strand to a maximum at a distance of 50
strand diameters, dg. This result is used in calculating the web-shear cracking strength Ve,
which is taken as the limiting value for V.
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where:

fpc = compressive stress in the concrete, after allowing for all prestress losses, at
centroid of cross section; when centroid lies within the flange, foc is
caiculated at junction of web and flange.
Vp = vertical component of effective prestress force at section (if strands are inclined
to axis of beam).
distance from the extreme compression fiber to centroid of prestressed
reinforcement or 0.8h, whichever is greater.

.
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Figure 6. Abutment Requirement for Prestressed Roof Beam
to Avoid Tensile Bond Failure.




“This situation is depicted schematically in Figure 6a showing a beam resting on a
support. The critical section, at h/2 from the support, is within the transfer length of the
presuess strand assumed to te 50dg. Therefore, the shear capacity of the concrete in this critical
portion of the beam where shear forces are highest must be reduced. This reduction could be
avoided by locating the prestress transfer zone oa the outside of the support, as shown in Figure
6b. This design detil is recommended for preventing a brittle failure termed shear-tension,
which occurs when shear cracks cross the region of transfer length and destroy the bond between
the prestress soand and concrete (Reference 49). When this occurs, the prestress strands are
ineffective and the beam will experience a premature, nonductile failure.

A more detailed calculation of the shear capacity of prestressed concrete is given
in the ACI Code Section 11.4.2. This approach considers two types of inclined cracking: web-
shear cracking and flexure-shear cracking. The corresponding concrete shear capacities are
designated as Vo and Vi, respectvely. The calculation for Vi, has been given above using
ACl Eqn. 11-13. This formula is based on the assumption that web-shear cracking occurs dus to
the shear causing a principal tensile stress of approximately 4Vf ; at the centroidal axis of the
cross seciion. The vertical component of prestress force Vp is calculated from the effective
presuwess force without load factors.

The inclined flexure-shear crack capacity, V;, is the sum of the shear required to
caus2 a flexural crack plus an additional increment of shear required to change the flexural crack
to a flexure-shear crack. V; is calculated by:

Vi =0. 6\,‘?:-(bwd) +V4 + ;;M (1D
max
where:
V4 = shear force at section due to unfactored dead Joad
Vi = factored shear force at section due to externally applied loads occurring
simultaneously with Mmay
M = moment causing flexural cracking at section due to externally applied loads
Mpmax = maximum factored moment at section due to externally applied loads

For the present case of 2 noncomposite, uniformly loaded beam, ACI Eqn. 11-11 reduces to:

- V
Vi =o.e\ff_c(b\,,c1)+---‘n‘-1%”£t (12)

M,




factored shear force at section

M; = factored moment at section

Mg = total moment, including dead load, required to cause cracking at the extreme
fiber in tension, given by

Mot = (/3 )6, +fpe) a3

<
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where:

I = moment of inertia of section

y; = distance from centroidal axis of gross section to extreme fiber in tension

fpe = compressive stress in concrete due to effective prestress force at extreme fiber
of section where tensile stress is caused by externally applied loads

In design either ACI Eqn. 11-10 would be used, or the lower of Vo or Vi if 2
more detailed calculation is performed, to determine the contribution of the concrete capacity V¢
to the shear capacity. Design of the shear reinforcement for prestressed beams uses the same
procedure as described for reinforced concrete in the preceding section.

Two additional design considerations specific to prestressed concrete include the
permissible concrete tensile stresses after prestressing and the permissible stresses in prestressing
tendons. Permissible concrete tensile stresses are applicable immediately after transfer of the
prestressing force and are limited to control serviceability; lintiting the tensile stresses reduces the
occurrence of cracking which degrades the beam's stiffness and corrosion resistance. The
purpose of limiting the stress in presiress tendons is to provide an adequate safety factor under
service conditions,

Permissible concrete tensile stresses immediately after prestress transfer should
not exceed:

0.6f 'oi for extreme fiber stress in compression;
3.0,/1‘;:i at extreme fiber in tension, except at ends of simply supported members

this value may be 6.0-\/% ;

where f ‘¢ is the compressive strength of concrete at time of initial prestress.

When investigadng stresses at the section where the prestress load is trausferred,
strain and stress are assumed to vary linearly across the gross cross-section. When the resulting




tensile stresses exceed permissible values, auxiliary reinforcement must be provided in the tensile
zone to resist the tensile force in the concrete. The stress in this tension reinforcement should
not exceed 0.6fyn nor 30,000 psi (in order to control crack widths). Normally the amount of
tension reinforcement provided for rebound, constructability and concrete confinement meets this
requirement.

Permissible stresses in the prestressing tendons are not allowed to exceed:

0.94fpy due w jacking force,
0.82fpy, but not greater than 0.74fpy,, immediately after prestress transfer,

where fiy and fou arc the yield and ultimate tensile strengths of prestressing strands,
respectively.

3. Sicel-Concrete Composite

The shear capacity of the steel-concrete composite beam is assumed to be
provided by the p..te girder portion of the beam. Within the plate girder, the web carries the
majority of the shear, and therefcre, the shear capacity of the beam is determined from the shear
resistance provided by the web(s). Calculation details are contained in Appendix A, taken from
Referencas 45 and S0.

Composite action is accomplished by providing adequate shear connectors
between the piate girder and the concrete slab. The number of shear connectors is determined by
the smaller of :he comprecsive force in the concrete (0.85f '¢A¢) or the tensile force in the girder,
assuming all the steel has yielded (AsFy)- 1l normal situations the first of these two conditions
wil apply. For stud-tyne sheur connectors, the strength of one shear stud is given by:

Qn =0.5Agc/f.Ec <AscFy (14)

where:

Age = Cross-sectional area of stud, in.2

¥'c =compressive strengin cf concrete, kst

Fy =uainimum specified tensile strength of « stud shear connector, ksi
E. =modulss of elasticity cf concreie, ksi.




For 9 channel shear connector, the nominal strength is given as:

Qq =0.3(tf +0.5ty )Lc,[f;Ec as) .

where:

tf = flange thickness of channel shear connector, in.
tw = web thickness of channel shear connector, in.
Lc = length of channel shear connector, in.

The number of shear connectors, ng, required between the section of maximum
bending moment and zero bending moment for the usual case is:

0.85¢.A,
Nop = e (16)
T Qq
For the case of a simply-supported, uniformly loaded beam, ng. shear connectors would be
uniformly distributed on cach side of the beam starting at midspan. Thus, the total number of
shear connectors equals twice the number calculated above. Summarizing the AISC
requirements for shear connector placement and spacing:

1) At least 1 inch of lateral concrete cover;

2) Diameter of shear stud not greater than 2.5 times flange thickness, unless located
directly over the web;

3 Minimum center-to-center spacing along longitudinal and transverse directions
not less than 6 and 4 stud diameters, respectively;

4) Maximum center-to-center spacing not greater than 8 times the total slab
thickness.

4, Shear and Bending of Top Slab

This final topic addresses design of the top slab for transverse shear and bending
behavior. Up to now, the primary failure modes considered have been longitudinal bending and
veriiceal shear of the entise beam.  Considerable emphasis has been placed on providing adequate
shear strength to insure that the beam will experience a ductile flexural failure mode. In a similar
vein, the roof beam must be designed to resist transverse shear cracking or flexural failure within
the top slab.




Figure 7 shows a schematic cross section of a reinforced concreie or prestressed
cancrete roof beam. The overhanging portion of the top flange was considered a cantilever for
analysis and design purposes. Reinforcement must be provided to preclude a flexural fuilure or a
shearing failure as shown. The analysis and design described in the following szctions include
calculation of loads, SDOF appruximation of a cantilever, and flexural and shear design details.
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Figure 7. Transverse Shear and Flexural Failure Modes of
Reinforced Concrete or Prestressed Slab.

a Structural Loading

The equivalent structural load used “or determining the overall flexural
beam strength was dependent on span length. Thus, the loadings for 20 and 50 foot spans are
not the same. For design of the slab for transverse bending and shear, the span length does not




directly influence the design load on the cantilevered portion of the slab. Of greater importance
is the distance from the blast.

The most severe loading for designing the overall flexural beam resistance
was represented by a direct hit over the middie of the beam. However, the likelihood of a hit in
the middle is not any greater than a hit at any other location. Therefore, it seems logical and
conservative that the top slab transverse bending and shear strength must be uniform along the
entire beam length, The comresponding design load would be the peak pressure and duration
from the blast. For the present case, this design load was a linear decreasing pressure of 675 psi
with a duration of 20 msec.

b. Equivalent SDOF Model of a Cantilever

Analysis of the slab dynamic response is accomplished be using an
equivalent SDOF model that matches the maximum displacement of the tip of the cantilever
under uniform pressure loading. Figure 8 shows a model of the real and equivalent systems
which were used to derive transformation factors according to the procedure given in
Reference 10.

JP.H')

Mo
P(H) = p(+1 | —Im
/]
/ [——)' 1
7 L 4  J y ; 4 m
. RO IR S , % Ke
/ il 7—1—
4 = -t
1 =
g TITT T
Real System Equivaient System

Figure 8. SDOF Mode! of Cantilevered Roof Slab.




Neglecting shear distortion, the shape function used to evaluate the
transformation factors is:

x4 —413x 4314
3L

¢(x) = a7

where x is measured from the cantilever tip and L is the total length. For a structure with
uniform mass (m) along its length, the mass factor Ky, is determined by:

M, _ fme2(x)dx

Km= 18
m =y y (18)
and equais 0.26. The load factor K for a uniformly distributed load p(x), calculated by:
Ky = e - (P0G (19

Ft pL

equals 0.4. The load-mass factor Ky )\ is the quotient of the mass factor and load factor and is,
therefore, 0.65. The maximum resistance, in terms of unit width of the slab being considered, is
expressed by Ry = 2Mp/L, where My, is the maximum transverse moment capacity at the
support. Lastly, the stiffness of the cantilever is k=8EI/L3. The moment of inertia I was taken
as the average gross and cracked section moment of inertia, and for the rectangular cross-section
was approximated by:

3
I, =-‘?-dz-(5.5p+ 0.083) (20)

where:
b = unit width of slab

d = distance from extreme compression fiber to centroid of tensile reinforcement
p = tensile reinforcement ratio = Ag /bd

The dynamic reaction at the support was derived using the procedure in
Reference 10 for the dynamic equilibrium of the element considering the applied loading,
resistance developed by the element, and the inertial force. For elastic response, the shear force
is V(t) = 0.59R(t) + 0.31F(t), where R(t) and F(t) are the time dependent resistance and loading
functions.




c. Flexu-al Design

Resistance to flexural failure is provided by transverse reinforcement on
both top and bottom of the slab. The amount of reinforcement should liruit the dynamic response
10 a ductility and end rotation that will not result in significant detetioration of the concrete.
Performance criteria for this xesponse were chosen as 3 for ductility and 2° for rotation at the
support,

The witimate moment capecity My, was calculated per unit wicth using the
formula for a singly-reinforced recrangular beam:

Mp = Agfy(d—-2/2) @1)

where:

Ag = arca of reinforcing steel per wait width
fy = yield strength of reinforcing steel
a = depth of rectangular stress block

Agf

o Ash 22
=085t ob @

Note that the load causes a negative moment condition, hence in the above equation d is
measured from the bottom face of the slab to the middle of the top transvizse reinforcing. This
reinforcing should be continuous across the top and bottom of the slab to insure development of
the rebar. It was assumed that this reinforcement would be placed on top of the longitudinal bars
and shear hoops, depicted schematically in Figure 9. The purpose of this arrangement is to
increase the effective depth and use a smaller area of steel. Maximwa spacing folloewed the ACI
Code for slab reinforcement, which is the smaller of three times the slab thickness or 18 inches.
In general, smaller bars with a closer spacing will verform better than larger bars. The tighter
spacing will serve to confine the concrete and the smaller bars will develop their strength in a
shorter distance.




/——Reinforcamam for Transverse Bending

Z
- - ™ / - - ™) m) " -
[ (&) [(#) (&) o [*] "@)O]“\ (@] (9] &) (&) (@]
o) (] O (o] 0 O O (o] 0 Q @) o
b ot eed ’-— Vs tond kd hrad ol .

" Reinforcement for / Compression Reinforcement
Transverse She for Primary Bending

Primary Shear Reinforcment

Figure 9. General Configuraiion of Reinforcing for Slab Portion of
Reinforced Concrete of Prestressed Beam.

&7 . =

d Shear Design

The transverse shear capacity of the top flange is analvzed and designed
using the formulx in 3.C.1 for ccinputing the concrete conxibution and required reinforcement.
o The use of ACI Eqn. 11-3 may vaderestimate the shear capacity of the coacrete in this case. As
. shown in Figure 10, slabs in the interior of the oof rotate during loading and interference with
' the adjacent slabs causes thrust to develop. This thrust will be beneficial to the shear capacity of

the concrete V. The ACI Code provides several formulas for calculating V¢ for members with

axial compression with flexure (ACI Eqn. 11-6 modified with €qn. 11-7), and without flexure

B (ACI Eqn. 11-4 and 11-8). Figure 11, taken from the ACI Code (Figure 11.3), shows a

a4 comparison of the shear strength equations for members subject to axial load. This figure clearly

indicates th.at ACI Egn. 11-3 is a conservative lower bound for the shear capacity of voncrete for
even small vaiues of compressive stress.
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Development of an approach to quantify and take advantage of thrust in
calculating the concrete shear capacity encountered several difficulties. An accurate
determination of the thrust presents the first problem. Reference 51 presents an iterative
analytical procedure for calculating the thrust developed in a jointed material that could possibly
be modified for the present case.

A second problem is that the thrust could not develop near the ends of the
structure or where slabs are not in contact initially. In order for the thrust to develop, a rigid
abutment must exist, such as where an interior beam is in intimate contact with adjacent beams
which are also in contact with their neighbors. Near the ends of the roof, neighboring beams are
not fully restrained from transiation or rotation. This would also occur in the interior where gaps
might exist. Since maximum ¢ ynamic shear occurs very early, it is unlikely that closure of gaps
as the beams and slabs deform over a longer duration will be of any benefit. in light of these




problems, the influence of axial thrust was neglected in calculating the shear capacity of the
concrete V.

The shear resistance of the slab, given by Vp = (V+V) must exceed the
peak dynamic shear V(t), after a strength reduction factor ¢ = 0.85 has been applicd: V(1) S ¢Vp.
Such strength reduction factors are not usually included in blast-resistant design where ductility
is allowed. However, since it is essential that brittle failure not occur, some conservatism was
introduced here by including ¢.

Because of the difficulty (hence cost) associated with placing shear
reinforcement in conventional slabs, the required strength is usually achicved by increasing the
thickness of the concrete. This is not a viable option in the present case duc to the overall weight
constraints. Anchorage of the shear reinforcement in slabs less than 10 inches thick requires that
stirrups or ties enclose a longitudinal bar at each corner or end. The longitudinal bars being
enclosed are those required for the flexural resistance of the cantilevered slab. Figure 9 shows a
schematic of the flexural and shear reinforcing in the slab.




SECTION 4. CONCEPT EVALUATION
A.  DESIGN PROCEDURE ANALYSIS OF 15-TON BEAMS

This portion of the report describes application of the design method described in Section
3 to a specific problem and set of construction materials. Evaluation criteria were used to
identify the most promising roof beam concept. This evaluation initially considered three
concepts (reinforced concrete, prestressed concrete, and composite stecl-concrete) and was
based only on fabrication cost. Beam weight was constrained to be 15 tons for comparison
purposes. Subsequently, two other concepts were investigated and the evaluation criteria
expanded to consider additional factors.

The design procedure utilized an iterative approach to proportion the beams and select
the reinforcement. The basic design variables were width of slab, depth of the beam, and amount
of reinforcement. Sufficient concrete must be provided to adequately anchor and provide
minimum spacing for the reinforcing steel, as well as to meet the code requirements for shear
capacity. After a suitable beam was determined, it was then necessary to design the web
reinforcement for the peak dynamic shear. If the web needed additional thickness to
accommmodate the shear stresses, it was necessary to reanalyze the dynamic response with the
modified web.

Beams designed for a 50-foot span for each concept are shown in Figure 12. These
beams all weigh 15 tons and satisfy both the ductility and support rotation criteria as indicated in
the figure, The grephs present the calculated SDOF response for the predicted midspan
deflection and dynamic shear. The conventionally reinforced beam has the stiffest response,
followed by the steel-concrete composite and then prestressed concrete. Table 1 summarizes the
results for the 50-foot-long beams. Note that for the constant weight constraint, the steel
concrete composite beam has a significantly wider top flange, i.e., it is more structurally efficient.

TABLE 1. SUMMARY OF RESULTS FOR 50 FOOT LONG, 15-TON BEAMS

Top Maximum | Maximum | Ductility | End Dynamic

Width | Resistance | Deflection Rotation | Reaction

(in) (kips) _ (in) (deg. (kips)
Reinforced Concrete 24 987.5 12.5 59 2.5 615
Prestressed Concrete 3 1,126 196 5.1 39 701
Steel-Concrete Composite | 52 1,756 18.8 6.4 3.7 1210
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A parameter study to evaluate the effects of concrete weight, compressive strength, and
tensile strength was conducted for the 15-ton beams. As summarized in Table 2, the study
encompassed both beam lengths under consideration (20 ft and 50 ft) and the first two
reinforcement concepts (conventional and prestressed). Calculations considering normal weight
(150 1b/ft3), high strength (10,000 psi) concrete, with zero tensile resistance capacity were taken
as a baseline to consider these effects. These baseline cases are numbered 1, 6, 11, and 16 in
Table 2. From each of these baseline cases, we considered singly the effects of these three
parameters, and then the combined effect (most advantageous) of the three. Specifically, we
considered lightweight (115 lb/ft3) concrete, higher compressive strength (12,000 psi), and
inclusion of tensile strength.

For inclusion of concrete temsile sirength, we assumed a tensile stress-strain curve
generally similar to that sometimes described for fiber-reinforced concrete.  Specifically, we
assumed a linear portion up to the modulus of rupture, and a plastic portion out to 2 failure strain
defined by a ductility factor of 10.

The feature of merit for this parameter study was taken as the top width of the precast
roof element, since this is an inverse direct measure of the number of beam elements required to
cover a given shelter area. Each roof clement was sized for the combination of parameters
shown in the table, while maintaining consistent performance criteria and beam weight.

The results of this parameter study indicate the following:

1. A decrease in concrete weight 1o 115 1b/ft3 provided an increase in beam width of 19-
45 percent.

2.  Anincrease of compressive strength to 12,000 psi provided an increase in beam width
of (-8 percent.

3.  Consideration of concrete tensile strength, even for fiber-reinforcement, did not
significantly affect pltimate performance. In general, beam bending resistance was
increased less than 1 percent by inciuding this effect.

4. The increase in beam width for the advantageous consideration of all three effects
was 23-45 percent.

This study indicated that the most benefit appears to come from a decrease in concrete
weight, assuming that high compressive strength can be maintained.




TARLE2. PARAMETER S1UDY FOR 15-TON BEAMS

ANALY
ITEM CONCRETE PARAMETERS RESUL%ISS
CASE BEAM REDNPORCEMENT | WEIGHT L;OMP. ', TENSILEFr | TOP WIDTH |FPERCENT
N0, lumnoTEom | Tvee Jon | s | o | oo | can

1 20 Conventional 150 10000 0 52 -
2 | 20 | Conventional | 115 | 10000 0 69 327%
3 20 Conventional 150 12000 0 56 7.7%
4 20 Coaventional 150 10000 1049 52 0.0%
3 20 Conventional 115 12000 804 70 34.6%
6 20 Prestressed 150 10000 0 67 -
7 20 Prestressed 115 10000 0 89 32.8%
8 20 Prestressed 150 12000 0 67.5 0.7%
o | 20 Prestressed | 150 | 10000 | 1049 | 68 1.5%
10 20 Prestressed 115 12000 304 20 34.3%
11 50 Conventional 150 10000 0 16.5 -
12 50 Conventional 115 10000 0 24 45.5%
13 S0 Conventional 150 12000 0 16.5 0.0%
14 50 Conventional 150 10000 1049 17 3.0%
15 50 Conventional 115 12000 804 24 45.5%
16 50 Prestressed 150 10000 0 28.5 -
17 50 Prestressed 115 10000 0 34 19.3%
18 50 Prestressed 150 12000 0 29 1.8%
19 50 Prestressed 150 10000 1049 28.5 0.0%
20 50 Prestressed 115 12000 804 35 22.8%

B. VALIDATION WITH FINITE ELEMENT ANALYSIS

Finite element modeling to validate the static resistance functions emebodied in the design
procedure utilized the nonlinear analysis program ADINA (Reference 52). The finite clement
model consisted of planc-stress two-dimensional elements representing the steel and concrete
portions of the beamn while tuss clements modeled the shear connectors and longitudinal
reinforcing. Figure 13 depicts a fypical finiie clement mesh for one of the 50-foot presaessed
beams. This particular model includes 400 plane-stress clements for the concrete, SO truss
elements each for the prestress tendons and compression steel, and 288 truss clements for the
transverse steel.
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Figure 13.  ADINA Finite Element Grid for 50 Foot Prestressed Beam.

Modeling of the support conditions used spring gap elements to distribute the reaction
from the beam to fixed boundary conditions. The gap elements separate when in tension but
otherwise take compressive forces. This modeling device avoids the high stress concentrations
of supporting the end at one point, or the indeterminacy and possible tensile support of multiple
fixed points. The shortening of the spring clements is subtracted from the results ‘when
calculating the midspan deflection. In addition, the clear span distance is taken from the middle
of the support springs, one half element away from the end of the beam.

Load is applied incrementally in the form of a uniform pressure over the top surface of
the modeled beam. For each load increment, the analysis program performs successive iterations
until a measure based on the largest displacement difference is smaller than a specified threshold.
In the clastic range, this requires one or two iterations. As the beam begins to yield, 5 to 10
iterations are required and the incremental load step sizes are reduced. The analysis continues
until the solution fails to converge within 100 iterations for a small load step. The nonlinear
analysis procedure requires definition of material stress-struin curves representing the linear and
post-yield behavior of the concrete, rebar, and plate steel. Figure 14 depicts the stress-strain
curves for confined concrete, 60-ksi yicld strength rebar, prestress strand, and GRS50 plate steel.
The yield points have been factored by the dynamic increase factor of 1.1 adopted in the analysis.
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1. Reinforced Concrete

Finit» element analysis of the 50-foot conventionally reinforced concrete beam
predicts initial cracking at approximately 300 kips, reducing the beam stiffness from about
566,000 1b/in to about 220,000 1bvin, a reduction of about 61%. Then, at approximately 95% of
the design procedure ultimate resistance, the finite element calculation predicts yield of the
reinforcement and a pronounced softening of the beam. The calculation proceeds at load
increments of 1/2 psi until the beam reaches 7 inches of deflection and convergence of the
solution is not attained. This incremental load for this step represents approximately 0.7% of the
total load. At the last converged load step, the compressive strain in the concrete and tensile
strain in the reinforcing are 0.004 and 0.012 micro strains, respectively, i.c., above crushing and
yield.

Comnparison of the design procedure and finite element predictions show quite
close agreement. Figure 15 shows the finite element load deflection results and the bilinear
resistance function utilized in the design procedure for the 50-foot conventionally reinforced

Total Load (1b)
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Figure 15.  Reinforced Concrete Load Deflection Results - ADINA and Design Procedure.




2. Prestressed Concrete

Results from the ADINA analysis of a 50-foot prestressed beam appear in Figure
16. The finite element model attained an ultimate load only 8% higher than the design procedure
value. The computed strain distribution shows very good agreement with the design procedure
maximum and minimum straine and computed location of the neutral axis. Likewise, the stresses
in the concrete, reinforcing steel and prestress strands were also very close to those predicted by
the design procedure. Note that both procedures account for beam camber (negative deflection)
in the unloaded state.

1.2
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Figure 16.  Finite Element Results for 50-foot Prestressed Concrete Beam.
3. Steel-Concrete Composite

The predicted load deflection response of the composite steel-concrete beam is
shown in Figure 17. The finite element prediction agrees very well with the design procedure
results. The energy computed by integrating the load deflection response for the design
procedure is only 3.4 % less than that computed by the more sophisticated analysis, out to a
ductility factor of about 6.
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Figure 17.  Finite Element Results for 50-foot Steel Concrete Composite Beam.

C. COST ESTIMATE AND PRELIMINARY EVALUATION

During the initial phase of developing the design procedure and concept evaluation, a
criteria of 15 tons was imposed on beam weight. This constraint originated from the expected
availability of a 15 ton crane for placing the roof beams. Allowing each beam to weigh 15 tons
meant that covering a shelter would require fewer beams since each beam could have a wider
slab and stockier web and bottom flange. Furthermore, enforcing a fixed weight on all three
concepts facilitated evaluation based on fabrication cost alone. Thus, a fabrication cost model
was developed for each concept which included material and labor for the items shown in
Table 3.
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TABLE 3. FABRICATION COST ELEMENTS

Item Unit Unit Price
Rebar (GR7S) b $0.72
Rebar (GR60) Ib $0.69
Prestress Tendons b $2.00
Lightweight Concrete | cy $227.25
Forms sf $4.00
Plate Steel (GRS0) Ib $0.55
Shear Studs ea $1.50
Stiffeners Ib $0.80
Welding of girder ) § $6.67
Welding of stiffeners ¥ $10.00
| Coating sf $1.75

The unit prices in the table are derived from industry standard figures (Reference 53) and
genecally cover the major cost compornents for the three concepts. Estimating fabrication costs
probably overestimates the price per beam compared to the price of several suppliers bidding on
100 or 1000 such beams. In such a case, equipment and form costs would be amortized over a
large number of beams, and lower material and labor unit costs would likely regult from
efficiencies in purchasing raw materials and in streamlining labor-intensive processes. Since this
efficiency would likely be realized for all three concepts similarly, the estimated fabrication costs
are useful for comparing the three concepts and providing a relative ranking.

Cost estimates were made for the three beam types for both 20- and 50-foot span lcngths
Preliminary design of the concrete beams prior to calculating costs included selecting primary
reinforcement to satisfy the design procedure, designing the web shear reinforcement, and
designing the reinforcemeni in the slabs to resist flexure and shear in the transverse direction.
Similarly, design of the composite steel-concrete beams addressed requirements for shear
connectors, bearing and intermediate web stiffeners, welding and concrete siab reinfon:ement.

Table 4 summarizes the estimated costs for the six bearas. On a unit width cost basis, the
cornposite and the prestressed beams were the least expensive followed by the conventional
concrete bsam. Comparing ihe short versus long spans, the 20-foot concrete heams include a
large amount of shear reinforcement, making themn more expensive overall than the 50-foot
beams. Concrete costs were governed by the constant 15-ton weight, and consequently were
nearly identical for the 20- and 50-foot spans.




TABLE4. BEAM FABRICATION COST ESTIMATE

Item RC20 | RCS | PS20 PS50 COM20 _ | coMse
Rebar (GR7S) $3,289 [$3313 |$3,091 %1845 |$1365 |$ 96
Rebar (GRED) 2,290 372 2,674 336 437 152
Prestress Tendons 0 0 1,124 2072 0 0
| Lightweight Concrete 2,186 | 2,174 2,193 2,168 1,447 1,026
Forms 1,660 | 2,600 1,312 2,300 644 792
| Prate Steel (GR50) 0 0 0 0 5432 | 7.868
Shear Studs 0 0 0 0 660 345
Stiffeners 0 0 0 0 901 650
Welding (girder) 0 0 0 0 1,067 | 2668
Welding (stiffeners) 0 0 0 0 690 640
Coating o_| o 0 0 320 875
| Total Cost $9,425 | $8,659 |3$10,394 |$8722 |%$12964 |$15,111
Width 69 in 24 in 89 in 34in 110in | 52in
{_Cost per unit width (W/ft) | $1,639 | $4,329 T $1.401 |$3078 |$1414 | $3.487

The effect of variations in the uni: costs on the overall cost was also investigated. Each
unit price was assumed to be a uniform random variable within a given range. For example, the
unit price of concrete might take on any value within £5% of the average value in Table 4. At
the same time, the price of reinforcing and all other materials and labor were also assumed to
vary within the same range. A random number generator was used to determine this variation
and the resulting unit costs were used in a simulation to compute the beam cost for 100 trials.
The results in Table 5 contain the mean fabrication cost, the standard deviation, and the
coefficient of variation (C.0.V.) for four ranges of uncertainty in the unit prices, 5%, 10 %,
15%, and +20%.

Figure 18 displays the C.Q.V. for the three concepts versus the range of uncertainty. The
prestressed concept shows slightly less sensitivity to the uncertainties while the other two
concepts exhibit practically the same variation.
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TABLE 5. MEAN AND SIMULATED VARIATION IN FABRICATION

COST PER UNIT WIDTH OF BEAM
RC50 PS50 COMS50
| Range Mean Price ($/ft) 4329 3078 3487
+5% Std. Deviation 68 $/it 45 $/tt 31 $/ft
C.0.V. 1.6% 1.5% 1.8%
+10 % Std. Deviation 126 $/ft 83 $/ft 110 $/ft
C.0.V. 2.9% 2.7% 3.1%
+185 % Std. Deviation 208 $/ft 112 $/ft 166 $/ft
C.Q.V. 48% 3.6% 4.7%
+20 % Std. Deviation 367 $/ft 176 5/&t 233 $/ft
C.0.V. 71% 5.7% 6.7%
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Figure 18. Sensitivity of Overall Beam Cost to Variations in Unit Prices.




D. EXTENDED EVALUATION CRITERIA

This section describes the factors, both quantitative and qualitative, which comprise the
extended framework for evaluating results from the design process. Each criteria has an
associated importance factor or weight which expresses its importance relative to the other
factors.

Fabrication Cost (25%) As previously discussed, fabrication cost includes material,
labor, and equipment used in fabrication, Conventionally reinforced and prestressed concrete
beams require forming, utilizing "casting beds” which consist of 100- to 500-foot-long steel side
forms and bottom plates bolted or clamped together after positioning of the reinforcing steel
Casting beds for prestressed concrete incorporate massive reaction blocks and hydraulic
equipment for applying the prestress forces to the steel strands. Many precast yards have forms
for standard shaped beams typically used for highway btridges which, if used or modified for the
roof beams, could result in substantial savings.

Fabrication of the steel-concrete composite beams requires the faciliies of a steel
fabrication yard for shearing the plate steel, templates to hold the pieces iogether, welding
equipment and a sandblast/paint shop. Additionally, the sides of the concrete slab are formed
and reinforcing steel bent and tied in position in preparation for placing the concrete in the form
or the composite slab. The steel plate must be protected against corrosion by sandblasting and
painting. "

Handling (]15%) Handling includes moving beams from onc stage to another, ic.,
fabrication, storage, and erection and includes special precautions and equipment. Heavier
beams require greater lifting capacity. Prestressed concrete requires special precautions (and
possibly special equipment and procedures) during the handling to prevent cracking due to the
camber and tensile stresses caused by prestress forces.

Storgge (15%) Storage addresses life-cycle costs of stockpiling and maintaining the
beams in a ready condition. Besides considering physical space requirements, storage includes
resistance to corrosion and freeze-thaw deterioration of materials and strength properties,
prestress losses from creep and shrinkage, protection from ultraviolet (UV) degradation, and
maintenance of protective coatings.




Erection (25%) Erection pertains to the degree of difficulty and resources required to
ercct the beams on the shelter walls, and includes the influence of weight, number of beams
required per shelter, resistance to breakage, and connection details,

Relighility (20%]) As used here, reliability implies the level of confidence in the design
and performance of a given concept or material. Extensive empiricdl and theoretical knowledge
of the behavior of specific steel and concrete materials give these traditional concepts an
advantage over newer and less well known concepts.

E. ANALYSIS OF REDUCED WEIGHT BEAMS FOR ORIGINAL CONCEPTS

During the course of performing this analysis and evaluation, the overall beam weight
became a design parameter of extreme importance rather than simply a constraint. The rationale
for this shift was simple: in deploying the shelters, every pound is critical, therefore, the overall
weight of the roof should be as small as possible; similarly, the individual beams should be as
light as possible to facilitate handling, transportation, and erection. Since this change did not
involve reducing the threat, the only change that could occur was in more efficient utilization of
the construction materials and structural concepts. In addition to the original three concepts,
two additional concepts utilizing fiber reinforced plastic (FRP) were analyzed. This section
describes the results of the analysis for the three original concepts; the FRP analysis and results
are described in Section F.

The design procedure described in Section 3 was used to design 50-foot beams providing
the same level of protection as before but achieving some weight reduction through optimizing
the design. A similar analysis described in Part A of this Section found that lightweight concrete
provided a significant benefit over normal weight concrete. However, using concrete with
compressive strengths over 10,000 psi and including fibers to enhance the tensile strength had
negligible benefits.

All three concepts were analyzed for a top slab width of 24 inches, i.e., all have the same
applied load. The thickness of the top slab was primarily determined by the depth of the
compression zone required to balance the tension reinforcement. The thickness of the web must
satisfy shear and stability (for stecl) requirements. Figure 19 and Table 6 summarize the results
which show the steel-concrete composite to have the lowest ratio of weight-to-coverage (Ib per
square foot) of the three concepts, because the materials could be more efficiently utilized. The
reinforced and prestressed concrete concepts use a significant volume of concrete for anchoring
and covering the tension and shear reinforcement and prestress strands. Concrete also
conuaibutes only about 1/2 the shear capacity of the web, with the vest carried by steel




reinforcing. Conversely, the steel-concrete composite benefits from the combined shear and
tension capacity of the web. In the beam mid-span, where shear is low, the web will yield in
flexure, and significantly improve the moment capacity of the beam. Closer to the supports, the
steel web is very efficient in resisting shear.

TABLE 6. DESIGN PROCEDURE RESULTS FOR S0-FOOT

LONG EQUAL CAPACITY BEAMS
TOP MAX. SUPPORT BEAM BEAM
CONCEPT WIDTH | DEFLECT DUC- ROTATION WEIGHT WEIGHT

s&z sI_N) TILITY SEEGREES) (TONS)
Reinforced Concrete 24 138 6.0 34 14.06 281
Prestressed Concrete 24 21.0 5.6 4.0 1134 226
Steel-Concrete 24 212 52 40 7.7 154
Composite

This same conclusion was observed from the carlier 15-ton, 50-foot beam calculations
(see Table 1) which had slab widths for the reinforced concrete, preswressed concrete, and steel-
concrete composite of 24, 34, and 52 inches, respectively. Corresponding weight per unit area
values were 297, 209, and 130 pounds per square foot. Thus the steel-concrete composite roof
beam covers slightly more than twice the area of an equal weight reinforced concrete roof beam.

An analysis was also performed comparing the dynamic resistance for reinforced and
prestressed concrete beams which weigh approximately the same as the reduced weight steel-
composite beam (e.g. 7.71 tons). In performing this analysis, the slab width remained 24 inches.
The results of these analyses are shown graphically in Figure 20, which plors the bilinear
resistance functions for the three resulting beams. The steel-concrete composite beam had a
ductility of 5.2 and end rotation of 4°. The reinforced and prestressed concrete roof beams are
plotied with their clastic deflection and wltimate resistance out to a center span deflection of 25
inches. It is evident from this graph that neither of the latter concepts provides anywhere close
to the dynamic resistance provided by an equivalent weight steei-concrete composite beam.
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E. ANALYSIS OF FIBER REINFORCED BEAMS

Presented in this section are the work and findings from the analysis of two concepts
which utilize advanced fiber composites for reinforcement (in this section, the term "composite”
is used to refer to a material that contains oriented fibers in a matrix of either plastic or epoxy).
A resistance function for each concept was developed and an equivalent SDOF model was used
to determine the dynamic response for beam design.

The development of high-strength, lightweight fibers, such as E and S fiberglass,

aramid, and carbon has prompted a number of studies of how these materials might be used in
licu of steel reinforcing, or perhaps wholesale replacement of concrete and steel, to produce




lighter and perhaps stronger beams. In applications where chemical and electrical neutrality are
crucial, such advanced composites offer the strength advantage of steel and the corrosion
resistance of aluminum, For example, replacing steel strands or rods with composite strands or
rods of nonmetallic materials would extend the useful life of bridge beams subject to attack by
deicing salts or marine environments (especially salt water). However, tensioning and anchorage
systeros are relatively new and unproven, and the high cost of fibers has slowed implementation
of composites in the majority of applications where conventional materials provide a technically
suitable solution,

2. Objective and Approach

The difficulty associated with anchoring the composite reinforcement may
possibly be solved by using a thin sheet of composite material attached to the outside of the beam
with adhesive. Such an approach has been the focus of several research efforts, including an in-
house FIVCS research program to reinforce concrete beams using sheets of carbon-fiber,
reinforced plastic (CFRP). Using this approach, the composite reinforcement is bonded to the
bottom and side surfaces of pliin concrete beams where it serves as the tension and shear
reinforcement for the beam.

The second concept considered in this investigation consisted of beams made
from pultruded fiberglass. In this type of beam, continuous filaments (called rovings) of
fiberglass are embedded in a matrix of plastic (polyester) which is thermally cured in a die. The
die can have an open or closed cross-section, creating I-beam or hollow rectangular shapes.

The overall objective of this research investigation was to develop conceptual
designs for CFRP reinforced concrete beams and pultruded fiberglass beams to withstand
conventional weapons effects, and to evaluate their suitability as roof beams for the protective
shelter.

The technical approach follows the general description given in Section 3.B.
First, the static resistance function for the structural element is determined from ultimate strength
analysis with appropriate material models. The resulting strength and stiffness describe a mult-
linear response path when the element is loaded dynamically. The dynamic response is obtained
using an equivalent SDOF model, and the resulting maximum deflection and support rotation
compared with the performance requirements. These steps are repeated to obtain a suitable
design, and then criteria such as shear resistance and overali beam weight are addressed. With
the beam geometry and reinforcing details determined, the fabrication cost was estimated and
values of quantitative and qualitative evaluation criteria assigned.




3. Concrete Beams with External Carbon Fiber Sheets

Computation of the flexural strength of concrete beams reinforced with CFRP
sheets assumes a linear strain distribution through the cross-sectional depth, a rectangular
compressive stress distribution, and linear stress-strain behavior for the CFRP material up to
tensile rupture, This method of computing flexural capacity follows the guidelines established in
Sections 10.2 and 10.3 of Reference 3 (with the exception that conventional steel reinforcing is
replaced with the CFRP).

 This approach has been used to calculate the flexural strength of concrete beams
reinforced externally with fiber reinforced plastic (FRP) plates (References 54 through 56), and
prestressed sheets (References 57 and 58). Much of this research has focused on developing a
suitable bond between the concrete and external reinforcing plate or sheet. Frequently,
premature failure occurs when tensile cracks form in the concrete prior to reaching the ultimate
strength of the external reinforcing, and the sheet "peels away" from the beam. This failure mode
represents a significant technical challenge that has yet to be solved.

Assuming for the present that no other failure mode will occur, the flexural
strength determination is very similar to that for a conventionally reinforced beam. The location
of the neutral axis, "c," is computed by defining the compressive and tensile forces in terms of the
distance c, as in Figure 21. Enforcing equilibrium gives an equation that can be reduced to
quadratic form and solved to obtain the neutral axis location. Alternatively, equilibrium of the
concrete compressive force, bottom strip tensile force, and side strip tensile force can be
cvaluated by an iterative "solver" available in some spreadsheets. This provides a separate check
of the analytical solution. Detailed formulas for this solution are contained in the corresponding
section of Appendix A. The moment capacity can then be determined by the product of the
compression and tensile forces and their respective distances from the neutral axis.

The beam siiffness was calculated by using the average of the gross and cracked
scction moments of inertia. The latter is obtained by taking the first moment of area of the
compression and tension areas with respect to the location of the cracked section neutral axis
"c," After solving the resulting quadratic for "c" the cracked section moment of inertia was
determined using the parallel axis theorem.
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4, Analysis of Bench Scale Experiments

Validation of this procedure was accomplished by analyzing the results from a
series of bench-scale beam tests (References 59 and 60). These beams measured 2.0 inches by
2.0 inches by 12.0 inches and were made from a nominal 4200 psi compressive strength concrete
(small aggregate), with a 28-day compressive strength reported to be 4256 psi ("G-mix"). The
beams were reinforced with single-ply CFRP sheets, 0.0075 inches (7.5 mil) thick, attached to
~ the beams in vatious configurations (labeled Beam a through f) and shown schematically in
Figure 22. Physical properties of the CFRP shects and epoxy paste adhesive used to bond them
to the beams are given in Table 7.

TABLE 7. PHYSICAL PROPERTIES OF CFRP SHEETS AND EPOXY ADHESIVE

| Item Adbesive! @ 73°F cmsf’zs:eneimgww
Compressive Strength (28 days ) 12,000 psi N.A.

| Compressive Modulus (28 days) 830,000 psi N.A.
Tensile Strength (14 days) 3,600 psi; 0.4% 310,000 psi; 1.4%

clongation elongation

Tensile Modulus (14 day) 750,000 psi 21.5%100 psi
Flexural Strength (14 da 4,400 psi 260,000 psi
Tangent Modulus in Beading 100,000 psi 18.5x106 psi

| Shear Strength (14 day) 3,400 psi N.A.
Bond Strength (2 day dry cure) 3,300 psi N.A.

| Bond Strength (14 day moist cure) 2,400 psi N.A.

1 Sikadur® 31, Hi-Mod Gel, Sika Corporation, Lyndhurs, NJ.
2 Magnamite Graphisc Propreg Tape AS4/3501-6, Hercules Ine., Wiknington, DE.

Loading was applied in two locations, 1-1/2 inches from the centerline, as shown
in Figure 22. This load configuration causes a 3.0-inch-long constant moment zone in the middle
of the beam. Shear spans of 3.0 inches between the points of load application and the supports
cause these beams to be classified as "deep” beams in terms of their shear behavior. Unless
otherwise reinforced, the behavior of such beamns is governed by the shear capacity of the
concrete rather than the flexural strength developed by the tensile reinforcement and compression
concrete (Reference 48, pp 177 and 191). It was assumed that the external reinforcing provided
additional shear capacity so that the beams would fail in flexure. Flexural strengths were




determined for the different reinforcement options using the simplified models shown in Figure
23. The measured and computed capacities for these beams are summarized in Table 8 and in

Figure 24.
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LAB TEST ANALYSIS PROCEDURE
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Figure 23.  Laboratory Specimen Flexural Strength Models.
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TABLE 8. 4-POINT BENDING OF EXTERNALLY REINFORCED CONCRETE BEAMS

Unit Measured Ultimate Load (ib) | Computed Flexural Capacity (ib)

No Reinf, 560 564

Beam 3) 650 564

Baam b) 3100 3534

Beam ¢) 3500 3534

Beam d) 4100 3818 (neglecting compressive CFRP)

4100 4024 (including compressive CRFP)

Beam d) 3860 3850

Beam f) 2650 (shear) 3534

The computed capacities generally agree with the measured ultimate loads.
Specific observations for each case are summarized below:

Bearn a). CFRP sheets bonded to bottom and sides of shear spans, but not the
center span, did not improve the flexural capacity compared to an unre¢inforced beam. The

flexural capacities are based on a modulus of rupture of 635 psi, or approximately 10\{5 which
is typical (Reference 61).

Beam b): A CFRP sheet bonded the full length of the bottom and on the sides of
the shear spans improved the load capacity. The nominal shear capacity of the concrete beam
without shear reinforcing is approximately 520 pounds (based on ACI Eqn. 11-3). Thus, a shear
failure would occur at a load of 1040 pounds without any benefit from the external reinforcing.
Since the beam failed at approximately three times this load, the CFRP strips on the bottom and
on the sides apparently contributed to the shear capacity of the concrete.

Beam c). This beam configuration had CFRP sheets bonded the full length of
the bottom and the sheets on the sides cuvered the shear spans and overlapped 1/2 inch onto the
middle span. The measured load agrees within 1% of the theoretical flexural capacity.




Beam d): CFRP sheets were bonded the full length of the beam on the bottom
on lower half of the sides. Measured and calculated ultimate loads agree within 0.3%.

Beam e): This beam was entirely covered with CFRP sheets except for the top
surface. Including the contribution of compressive stress in the CFRP strip above the neutral
axis, the computed flexural capacity agrees within 2% of the actual measured ultimate load. If
the compressive stresses are neglected due to possible buckling of the thin strip, the calculated
capacity is 7% lower than the measured load at failure.

Beamf): This beam had a full length CFRP sheet on the bottom and no CFRP
sheets on the sides. Instead, at least one side was completely covered by a photoelastic laminate.
It is postulated that this beam failed due to shear cracking, and that the bottom CFRP sheet, and
possibly the photoelastic sheet, provided additional shear strength to the concrete.

The preceding flexural calculations predict that stress in the CFRP sheets never
reaches the reported ultimate strength of 310 ksi, and hence capacity is limited by the concrete in
compression. Computed streins in the bottom CFRP sheets were between 0.007 and 0.009,
corresponding to stresses between 150 and 200 ksi. These stresses are approximately 1/2 to 2/3
of the ultimate strength of the CFRP material. In conventional reinforced concrete, this
condition corresponds to an over reinforced section, wherein the tensile reinforcement does not
yield before the concrete reaches a maximum compressive strain. The thicknesses of CFRP
sheets required to attain an extreme fiber tensile stress of 310 ksi simultaneously with 0.003
compressive strain in the concrete were calculated to be 3.3 mils for Beams b) & ¢), 1.96 mils for
Beam d) and 1.83 mils for Beam ¢).

An analysis of conventionally reinforced bearns with comparative fléxural
strengths was also performed. This analysis was based on singly reinforced beams with 60 ksi
rebar and an effective depth d = 1.8 inches. To develop the same moment capacity, the
reinforcing ratio p = Ag/bd for Beams c), d) and ¢) were fourd to be 1.55%, 1.74%, and 1.88%,
respectively. These represent normally reinforced beams with reinforcing ratios in the
neighborhood of 50% of "balanced failure," as defined by the ACI Code. Typical beams have 35
to 50% of balanced reinforcement, or 1 0 1.5%. Therefore, similar flexural capacities could be
attained with a modest amount of conventional reinforcing.

In addition to the two-point load tests described above, tests were also performed
on beams where the load was placed in the middle of a simply supported span. These beams were
made from the same nominal 4200 psi compressive strength concrete and reinforced with CFRP
sheets with one, two, and three plies of unidirectional carbon fibers bonded to the bottom of the
beams. The thicknesses of these sheets were 0.0075 inches, 0.015 inches, and 0.0175 inches
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respectively. The results of these calculations are summarized in Table 9 and the lower half of
Figure 24.

TABLES. SINGLE POINT LOAD BEAM TEST RESULTS

Unit Experimental Ultimate Computed Flexural
o Load (Ib) Load (Ib)
No Reinf. 376 376
One Ply 1315 2356
Two Plies 1543 3023
Three Plies 1916 3182

The experimental breaking loads were lower than the predictions for flexural
capacity for the beams with reinforcing probably due to shear failure. Increasing the amount of
reinforcing from one to three plies gives the beam increased shear resistance, but the increase is
much less than for beams with shear reinforcing on the sides.

Conventionaily reinforced beams with no shear reinforcement show a trend of
greater shear capacity with increasing amount of reinforcing. Greater reinforcing ratios cause
inclined cracks to be narrower, and hence aggregate interiock accounts for some improvement in
the shear capacity (Reference 48). This same phenomenon could account for the somewhat
higher breaking loads exhibited by the two- and three-ply reinforced beams. This conclusion is
supported by single point load tests on similarly reinforced beams made from cement paste
without aggregate. In these tests, a smaller incremental strength gain occurred going from one
to two plies, and no strength gain occurred going from two to three plies.

5. Dynamic Response of Full Size CFRP Reinforced Beams

The dynamic response of full size CFRP beams was analyzed to determine
whether this concept offered any potential for use as roof elements for protective structures.
Since CFRP has a unit weight which is a fraction of steel, has extremely high tensile strength, and
can be placed on the bottom surface, there exists a potential for weight savings. Therefore, using
the procedure for calculating flexural strength and the dynamic analysis method previously
described, 20- and 50-foot-long beams were designed for the assumed loading.

In computing the flexural capacity it was assumed that tensile rupture of the
carbon fiber shset or crushing of the compression concrete would control the ultimate strength of
the beam. Consistent with these assumptions, the dynamic response of the beam was limited to a
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ductility factor no greater than 1.0. This represents a significant performance penalty,
nevertheless, the mechanical behavior of the CFRP reinforced concrete beam precludes the
allowance for any higher ductility.

It was also assumed that shear failure of the beam would be completely prevented
by either the CFRP sheets or conventional shear reinforcement and also that the CFRP sheets
were perfectly bonded to the concrete. Additional assumptions were the same as before with
respect to dynamic load magnitudes and durations, transformation to an equivalent single-
degree-of-freedom model, concrete strength and soil cover. No dynamic increase factor was
applied to the carbon fiber strength.

Analyses were conducted for 24-inch wide, 20- and 50-foot-span lengths
reinforced with thin (1/4") and thick (2") layers of CFRP bonded to the bottom and sides of the
web. These two thicknesses were chosen so as to obtain some idea reganding the range of
possible design outcomes. Note that the CFRP sheets used in the lab scale tests were very thin
(approximate thickness 0.0075 inches). To obtain a 1/4-inch-thick reinforcing layer woula
require a different manufacturing process more like the pultrusion process. The required beam
sizes summarized in Table 10 and shown in Figure 25, indicate that the concept of using carbon
fiber sheets to reinforce concrete beams requires very heavy beams. Included in the table for
comparison are the results from the preliminary analysis of 15-ton conventionally reinforced
concrete (RC) beams.

TABLE 10. SUMMARY OF FULL SIZE CFRP BEAM SHAPES

CFRP Beam Weight | Weight per SF

CASE Thickness

20' CFRP 1/4 inch 6.2 tons 309 1b/sf
20' CFRP 2 inches_ 6.4 tons 318 lby/sf
20'RC N.A. 15 tons 261 1b/sf
50' CFRP 1/4 inch 33.8 tons 675 lb/sf
50' CFRP 2 inches 38.3 tons 766 1b/sf
50'RC N.A. 15 tons 300 lb/sf

The size of the beams is attributed to the inherently nonductile and stiff flexural
behavior of the beams. In order to develop the necessary strength and stiffness, the beams must
be very deep, resulting in a large amount of concrete in the web. Figure 26, from Reference 10,
plots the maximum response of an elastic SDOF sysiem subjecied to a triangular load pulse with
zero rise time. Plotted on this graph are the 20- and 50-foot 1/4-inch CFRP reinforced beams.
The combination of mass and stiffress for these beams cause their natural periods to be close to
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the duration of the load pulse. This condition requires the maximum beam resistance to be
greater than the applied load for a ductility of 1.0. Consequently, these externally reinforced
concrete beams have a poorer weight to coverage ratio than the least efficient of the three
previously considered concepts discussed in Parts A and E of this section.

An estimate of the cost to fabricate these beams was based on the cost of the
fibers and the concrete forming and placing costs. The price of carbon fibers depends oa the
process and quality of the fibers, with a possible range of $12 to $85 per pound (Reference 62).
The low-cost, high-strength graphite fibers used for reinforcing the lab-scale beams have an
approximate cost of $25 per pouad. Unidirectional continuous fibers (tows) that might be used
for pultzusion would be in the $15 per pound range, whereas woven fibers having biaxial strength
are in the range of $30 per pound (Reference 63). For the present case, a price of $20 per pound
was assumed for the carbon fibers, and the fiber content was assumed to be 60% by volume of
the reinforcement. Since the fiber cost dominates the price of the composite, the composite cos:
considered the fiber cost only. Manufacturing the reinforcing sheets and bonding them to the
concrete beam would incur additional cost, but since these are completely unknown, they were
not included in the estimaic. Therefore, the estimated cost represcnts a very approximate Jower
bound.
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Estimates were made for the 20- and 50-fooi heams with 1/4 inch of CFRP
reiuforcement. The analysis showed no benefit from using thick sheets of reinforcing. The
estimated costs of these two beams are $7150 (20 foot) and $33,650 (50 foot), which equates to
$71.50 per square foot and $336.50 per square foot of coverage, respectively. For both bearns
the fiber cost represents approximately 73% of the total cost of the beam.
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Figure 26.  Maximum Response Chart for Elastic SDOF Systems Showing CFRP
and Fiberglass Beam Responses.

6. Pultruded Fibergiass Beams

Pultruded fiberglass beams are commercially manufactured in a variety of
structural shapes and compete witii steel. wood, and alumisum in applications where strength,
light weigiit, corrosion resisiance, and electrica: non-Conductivity arc required. Because of its
good strength to weight ratio, puliruded fiberglass beams were invesiigated for roof beam
clements for pratective siructures.
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The starting point for this investigation was to evaluate the dynamic capacity a
commercially available product. The largest rectangular section available from a manufacturer of
such products (Reference 64) has dimensions 9 inches wide by 11 inches deep with 3/4 inch wall
thickness. This beam weighs approximately S00 pounds for a 20 font span. Analysis showed
that a 20 foot beam would resist a dynamic load of approximately 120 psi with 25 msec duration
(Reference 65), roughly the equivalent of & hit from a 250 Ib GP bomb. The same beam
spanning 50 feet will support static load from slightly under 2 feet of soil with po extra capacity.
Therefore, to resist greater dynamic loading, such as those used for the other concepts, a thicker
and heavier beam would be required.

The design of such a beam used design assumptions developed in Reference 64
and summarized as follows:

1) Flexural strength is determined by the maximum allowable stress in the flange; this
may be governed by tensile failure in the tension flange or buckling of the
compressive flange. The flexural strength is:

E .
F, = 35,000 psi 23)
4 1 6(b/ 1083

where:

F; = ultimate flexural stress, psi

E = modulus of elasticity for material
3x106 psi

width of beam, inch

wall thickness, inch

L]

oo
it

The allowable bending stress Fy, has a factor of safety of 2.5:

F
= 24
2.5 @4

2) Shear strength is determined from the allowable shear stress
Fy =4000/3.0 = 1,333 psi.
This approach is based on empirical results from tests on many beams by one
manvfacturer, and is appropriate for the preiiminary investigations described herein. A more
rigorous and general analysis is presented in Reference 66 for designing pultruded beams with




open and closed cross sections, different fiber and matrix materials, and various fiber
orientations. The procedure is rather lengthy and was not used in this preliminary invetigation.

For the dynamic analysis, tensile and shear strength values Fy, and F,, were not
reduced by the factors of safety given above. The ductility factor was limited to no more than
1.0 because of the brittle response associated with tensile rupture, buckling and shear failure.

A box-beam was considered for several reasons. With two webs to carry shear,
the ultimate strength is less likely to be controlled by shear. The box beam shape is also more
stable in resisting lateral-torsional buckling due to the increased stiffness of the top flange.
Thirdly, the top flange of an I-beam might need special attention to resist the transverse bending
and shear stresses from the blast pressure acting on the cantilevered flanges.

Two cross-sections designed for a 20-foot span are shown in Figure 27 along
with the 9 inch by 11 inch commercially available beam mentioned earlier. Both beams have
overall dimensions of 12 inch wide by 28 inch deep but differ in wall thickness and number of
webs. The single-box beam was governed by shear and required a wall thickness of 2.7 inches.
The double-box beam required a wall thickness of 2 inches to achieve adequate resistance for a
ductility of 1.0. The two beams weigh 1.57 tons and 1.61 tons respectively with ratios of weight
per area of 157 and 161 pounds per square foot. :

Doubling the width of the beam from 12 inches to 24 inches required a cross-
section: 38 inches deep with four webs, each 2.5 inches thick. Shear governed the thickness of
the webs, therefore, the flexural ductility was slightly less than 1.0. The weight of this beam was
3.78 tons, resulting in an areal weight of 189 pounds per square foot.
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Achieving a 50-foot span required the beam cross-section shown in Figure 28.
This double-box beam has overall dimensions of 18 inches wide by 44 inches deep with 2.15-
inch-thick walls. This beam weighs 6.88 tons and has a weight per area ratio of 183 pounds per
square foot.

Estimating the fabrication cost for these conceptual beams is very speculative,
because of the unknown cost of tooling and other equipment required to produce extremely large
custom shapes. An estimate was, therefore, made using the cost. of the fibers, assuming that this
will represent the buik of the material cost. Using $0.75 per pound for E-glass, and a 50% by
volume fiber content, the weight of fibers was estimated for the beams described above. The 20-
foot-long, 9-inch by 11-inch by 3/4-inch beam would cost approximately $230. The 20-foot-
long single-box beam has a fiber cost of $1540 ($77 per square foot) and the 50-foot-long
double-box beam has a fiber cost of $6750 ($90 per square foot).
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7. Conclusions and Recommendations

The use of concrete beams with external CFRP reinforcing does not represent a
viable concept for roof beams at this time. The ultimate flexural swength is characterized by
brittle failure modes, either in tension rupture of the CFRP fibers or crushing of the concrete.
Therefore, such becams must remain elastic. In blast-resistant and seismic design, members
designed for relatively large ductilities require a fraction of the static strength of an clastic
member and are, therefore, much more economical.

Pultruded FRP beams were also analyzed, and found to have acceptable
performance and weight, even though they also were limited to a ductility factor less than 1.0.
The characteristics of these beams which permits them to work are their flexibility and low mass.
These beams had relatively long nawral periods compared to the duration for the dynamic load.
Figure 26 shows a SDOF response graph with the t4/T ratios for the 20-foot and 50-foot beams
and their corresponding dynamic load factors. For these two beams, the required resistances are
90% and 40% of the applied load.

While beams with wall thicknesses of 2.5+ inches were designed, manufacturing is
limited to sections with wall thickness less than 1-1/4 inches. This limitation is related to the
thermoset curing process which is exothermic and very rate sensitive. Problems occur with void
inclusions when thick sections are manufactured. Another limitation in the manufacturing
process is the overall size of the beam. As the overall beamn size increases, larger pulling forces
are required to overcome surface friction within the tool. The largest rectangular shape currently
available is 9-inch-wide by 11-inch-deep with 3/4-inch wall thickness. The largest open cross-
section is an I-beam with 24 x 3/8 inch web and 7 x 3/4 inch flanges.

The thick-wall shapes were designed using a very simple design procedure that
applies to a specific manufacturers’ standard products. Customization of the fiber and matrix
composition could possibly reduce the thickness of the walls and overall size of the beams. The
required design procedure becomes more complex, as the bearn must be treated as an orthotropic
laminated material. Should there be a need to pursue this concept, it should include a rigorous
analytical and experimental effort to quantify the global behavior of ihe bearn and local behavier
of its individual components. An example of such an investigation is described in Reference 66
which found that local buckling of the compression flanges introduced a failure mode that
eventually resuited in material degradation and total failure of the beam. This sourve developed
analytical solutions to predict this behavior based on either measured or computed material

properties.




Another consideration associated with pultruded beams is the effect of
temperature on retention of physical properties. This characteristic is highly dependent on the
composition of the matrix material. Recommended approximate values for retention of ultimate
stress and modulus of elasticity for several proprietary resin systems are given in Table 11 below.

TABLE 11. PHYSICAL PROPERTY RETENTION
FOR TYPICAL PULTRUDED BEAMS

Temperature Resu: i{s‘ em Rﬁ": iiﬁ em
Ultimste Stress
100° F 83% 0%
125°F 70% 80%
150°F 50% 75%
Modulus of Elasticity
100°F 100% 100%
125°F 90% 95%
150°F 85% 90%

F. FINAL EVALUATION

Five concepts were considered for roof beamis for a rapidly erectable protective shelter.
This section briefly reviews the results from the preceding analysis, and cvaluates those results
within the framework of the evaluation criteria described inc Secdon 4.C. Reasons are given for
the ratings given to each coacept. The objective of this svaluation was tc select the most
promising cor.cept for further validation with laborasory tests on prototype beaus.

The five concepts considered in this study were: reiuforced concrete (RC), presuwessed
concrete (PS), steel-concrete composite (SC), concrete with external carbon fiber plastc
reinfcrcement (CFRP), ard glass fiber reinforced plastic beams (GFRP). The criteria and
weighidng factors by which the concepts were evaluated consisted of: fabrication cost (25%),
handling (15%), storage (15%), erection (23%), and reliability (20%). A relative rating between
one and five, with five representing the best and one representing the poorest, was assigned to
ecach concept for <ach criteria. A final score was then obtained by summation of the products of
the weighting factors tir =8 the ratings.

In arriving at the reiative rankings, the surnmary information in Table 13 was considered
along with other sibjectve factors. In fabrication, mass production and low material costs favor




prestressed, steel-concrete composite, and GFRP. While reinforced concrete and CFRP
concepts can be mass produced, they require more labor-intensive fabrication related to installing
larger quantity of shear reinforcement or bonding of external reinforcing. Evaluation of handling
was based on weight and toughness of the beam. Reinforced concrete and CFRP beams weigh
the most, while prestressed is subject to breakage because of prestressed-induced tensile stresses,
and the CFRP and GFRP can be damaged by abrasion or gouging of the fibers. On the other
hand, steel concrete composite had medium-weight and could withstand fairly rough handling
without significant damage.

TABLE 12. SUMMARY INFORMATION FOR CONCEPT EVALUATION

CONCEPT COST ($/SF) EFFICIENCY (LB/SF)
20FOOT__ | S0 FOOT 20 FOOT | S0 FOOT
RC 82 87 260 281
PS 70 62 202 226
SC 71 70 163 154
CFRP 72 336 310 675
GFRP 77 %0 160 183

In storage, reinforced concrete appeared to be the least sensitive to exposure and long-
term effects. Prestressed will undergo time-dependent creep which may increase the amount of
camber for high levels of prestress; in addition, prestressed would likely have narrow cracks in
the top slab due to tensile stresses that could allow water and moisture into the beam. The steel-
concrete composite beams would require coating to seal the steel girder from moisture and, thus,
corrosion. CFRP and GFRP have temperature and UV sensitive matrix materials, and vnless
propexly stored could experience strength loss over the expected 20-year lifetime.

Rankings under the erection criteria were related to total beam weight and weight per
area. GFRP beams were rated the highest because of their overall light weight and smaller size.
Steel-concrete composite, prestressed, reinforced concrete, and CFRP were ranked according to
their weight per unit area. Consideration was not given to integration with the shelter wall;
however, this will most likely be an iroportant design consideration when the roof beams and
reinforced soil wall are combined. Design of the abutment and ends of the beam will take into
account bearing and shear smresses, anchorage of iensile reinforcement, and anchorage for
rebound.

Finally, the reliability criteria subjectively ranks the confidence one has in the concept to
perform as designed. This includes a knowledge of the component materials (steel, concrete,




GFRP, and CFRP), the way these materials are combined into a structural member, and
knowledge of the past performance of similar structural elements under static and dynamic loads.
Steel-concrete composite received the highest ranking; in this concept two very well understood
materials are combined in the least complicated system of the five concepts. Reinforced concrete
is ranked next, and shares the same advantages of steel-concrete composite. However, this
concept relies extensively on high perfcrmance, lightweight concrete to reduce the weight of the
beam. Although recent research supports the validity of traditional design assumptions, actual
design experience is relatively sparse. This same logic applies to prestressed, with the additional
uncertainty that protective structures historically have not utilized prestressed concrete. Finally,
GFRP and cspecially CFRP concepts have significant uncertainties and assumptions that must be
further investigated before they can be used with confidence for blast-resistant structures. The
final rankings for cach concept, considering all of these factors is presented in Table 13.

TABLE 13. EVALUATION OF CANDIDATE BEAMS

CRITERIA WEIGHT | RC PS SC | CFRP | GFRP
Fabrication 25% 2 5 4 1 3
Handling 15% 2 3 5 1 4
Storage 15% 5 3 4 1 2
Erection 25% 2 3 4 1 5
Reliability 20% 4 3 5 1 2
Total 2.85 3.5 4.35 1.0 3.3

The combination of low fabrication cost, structural efficiency, and confidence gives steel-
concrete composite the highest ranking of the five concepts. The importance given to weight of
the beams is apparent by the relative scores for reinforced concrete and GFRP. Reinforced
concrete has been and will continue to be a predominant construction method for protective
structures. However, GFRP appears promising and warrants further investigation because of its
low weight and good strength properties. One possible use might be in a two way roof system
for a reduced threat scenario. Such a roof, shown in Figure 29, wouid consist of primary steel-
concrete composite girders on 15, 20 or 25 foot centers supporting lightweight, elastic beams
placed on top of the girders to form the roof of the shelter. GFRP beams, or custom built FRP
composite panels, would be a leading candidate for the lightweight elastic beams.




Proposed Lightweight Two-Way Roof System

Using Pultruded Fibergiass Beams.
80

Figure 29.



SECTION 5. ENHANCING BEAM DUCTILITY WITH CONFINED CONCRETE
A. CONFINED CONCRETE ANALYSIS

Desigr: procedures for reinforced concrete are predicated on the assumption that concrete
exhibits brittle failure at small strains. Design of structural elements to respond in a ductile mode
has been accomplished by limiiing the effective tensile reinforcing ratio and through the additon
of compression reinforcement, Design of columns and joints to resist seismic induced loading
relies on the use of transverse reinforcing to confine an interior concrete core. The effect of
closely spaced shear reinforcement in conjunction with compression reinforcement in beams has
been recognized for some time (References 26 and 27). As a result, seismic provisions of the
ACI Code (Reference 3) require closely spaced hoops in flexural members where yielding is
likely to occur (21.3.3.1 and 21.3.3.2). In the present study, an analytical method was used to
quantify the effect of using confining reinforcement on the strength and ductility of the concrete
slab in the steel-concrete composite concept.

1 Background

The compressive strength of concrete f ' is determined from axial compression
tests of cylindrical specimens. Stress-strain curves (Reference 48) for typical concrete specimens
of various strengths are shown in Figure 30. Normal strength concrete has peak stress values of
3,000 to 4,000 psi at a corresponding strain of 0.2%. After the peak load is reached, the
concrete gradually loses strength and will completely fail at strains between 0.3% to 0.4%.
When concrete is tested under miaxial loading, with lateral confinement provided by a
pressurized fluid, two changes occur: the strength improves dramatically and the peak and
ultimate strains become very large. For example, Figure 31 shows stress-strain curves
(Reference 48) for a concrete with £ ' = 3600 psi under increasing triaxial pressures. These test
results suggest that the longitudinal stress at failure, o1, increases linearly with the confining
pressure, 03, viz.,

o1=f¢ +4.1-03 (25)

In addition, strain at peak stress tends to increase with increasing confining stress. The benefit of
this phenomenon in siructural applications has been studied extensively, with particular regard to
seismic design of columns and beam-column joints. A comprehensive state-of-the-art review of
this subject is contained in Reference 68.
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Figure 31.  Axial Stress-Strain Curves for Fic = 3600 psi Concrete
Under Triaxial Load Conditions. (Reference 48)




2. Analysis of Confined Concrete

The concrete slab portion of the steel-concrete composite roof beam experiences
compressive stresses similar to a column under axial load. While the strain distribution is not
uniform from bottom to top, the stress distribution approaches a nearly uniform distribution.
This condition is illustrated schematically in Figure 32 showing the idealized linear strain
distribution and corresponding stresses for a steel-concrete composite beam near its ultimate
capacity with its neutral axis in or near the top flange of the girder. A schematic load-deflection
curve in the figure shows three general response levels, an initial elastic region prior to yielding
of the tension flange, a plastic region where the steel section progressively yields, and a post-
peak region after crushing of the concrete. After the concrete slab loses integrity, the residual
load capacity is determined by the steel girder, including any local failure modes. The last region
of response is not of interest in design.

+'c

Concrate
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Figure 32.  Typical Steel-Concrete Composite Beam Stresses, Strains,
and Load-Deflection Response.




As the concrete becomes compressed in the longitudinal direction due to
development of the internal moment, it expands in the transverse direction (similar, but to a
smaller degree as a rubber craser gets fatter when squeezed). This lateral expansion can be
resisted by external pressure, as in a triaxial load test, by an external jacket (Reference 69), or by
internal reinforcing. In circular cross-sections, spiral rebar cages are very effective, and for
square or rectangular cross-sections, hoops and cross-ties have been used very successfully, The
transverse reinforcing provides stiffness to and enables the longitudinal bars to confine the
concrete core. Figure 33 illustrates schematically a square column under axial compression with
various configurations of longitudinal and transverse reinforcing. The longitudinal rebar is
stiffened by closely spaced transverse hoops and ties and develops significantly more confinement
than if they were absent. This confinement is depicted for three different cases along with
typical stress-strain curves for the confined concrete core. In general, an increase in transverse
reinforcement and/or a decrease in tie spacing increases the strength and ductility of the confined
concrete core. The analysis described next characterizes this effect and estimates the resultant
stress-strain behavior of the confined concrete.

Many models have been proposed to describe the interaction of concrete and
confining reinforcing. Rather than evaluate the merits of all the confined concrete models, a
model was chosen that had moderate complexity and good predictive capability based on
comparison with a large number of experimental results. This model computes the peak stress
and strain for specific geometric and material parameters, and uses these values to estimate the
stress-strain behavior of the confined concrete. The analysis described next is taken from
Reference 70.

a Generalized confined compressive strength.
The analysis replaces the coefficient 4.1 and value of confining pressure ¢3 in the

previously described linear relation between concrete strength and confining stress with
computed values, i.c.,

f'e = footkfie (26)
where:

f'e«c = confined compressive strength

f'co = unconfined compressive strength

k1 = coefficient determined by calculation

fie =

equivalent confining stress by calculation
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b. Square, Symmetrically reinforced columns.

The equivalent confining stress, fle, approximates the variable stress (lateral restraint)
shown in Figure 33 with an equivalent uniform value. For the case of closely spaced bars and
crossties in Figure 33, the pressure distribution is indeed close to uniform. Where the reinforcing
consists only of corner bars tied with perimeter hoops at large spacing, the confining pressure is
much more variable in both directions. Therefore, an equivalent uniform pressure was estimated
by:

fle =kaf) 27
where:
ky =31 ,(32>(P£xl) S10 28)
S St fl
and:
3 Asfyt
f] = ——— : 29
1 oy 29)
be = center to center distance of perimeter hoop
reinforcement.

Ag = area of transverse reinforcement in one divection.
fyr = yicld stress of transverse reinforcement, psi.
s,8;= spacing between transverse ties and longitudinal bars respectively.

The coefficient ky in Equation 26 is then calculated as:
k; =15.6(f,¢) 017 (30)

The equation for fj., applies to square columns with equal reinforcing in both directions.

c. Rectangular, Unsymetrically Reinforced Column.

For the rectangular cross-sectior shown in Figure 34, the previous reladonghips for
square columns were modified to account for different widths, i.c., bex and byy. An equivalent
lateral pressure is calculated as:
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fio 31

This relationship is shown in Figure 35. The values in this equation are calculated for each
direction using modified forms of equations 27 through 29.

fiex =k2x fix
kox .-.3.1\[(-‘3‘2&)[" J—) s1 (32)
S S1x fll
2Anfy
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Similar equations are used for fiy,.
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Figure 34.  Biaxial Confinernent in Rectangular Members.




d. Confined concrete stress-strain curve.

After calculating the maximum strength f ‘., the comresponding strain is
calculated by the expression:

g; =gg;(1+5K) (32)
where:

€, = strain at peak stress

€1 = <train corresponding to peak stress f ‘o, determined under same rate of

loading as ti:at used for the confined concrete
= 0.002 for tow rate of loading

and:

K= El,f_l_e_ (33)

fo

The parabolic rising branch of the stress-strain curve is then
' E £ '
fo=f, [2(-8-‘1’-)-(;‘1’—)2 P2 <5 (34)

as shown in Figure 35. The linear descending branch is defined by the strain at 85% of f .
Analysis of column tests were used to determine the relationship for this strain as:

egs = 260 p £ + €ggs

Where gogs = the strain at 85% of the uncunfined compressive strength after the
peak
) = peak strain for confined concrete
p = transverse reinforcing ratio

_ TA
sibcx+bcyi




The summation indicates the total area of transverse reinforcement in two directions crossing bex
and bey. If €585 is not determined by tests under the same rate of loading as the confined
concrete, a value of 0.0038 may be appropriate for siow loading rate. The post-peak strength
descends linearly to 20% of the peak value f ‘s, after which it is assumed constant.

The linear descending branch is highly influenced by the amount of transverse reinforcement

providing restraint to the longitudinal bars. As the outer skin of concrete is assumed to be failed,

sufficient lateral restraint must be provided to keep the longitudinal bars from buckling. This is

_ an extremely important point, in that if the longitudinal bars buckle, they can no lc-iger confine
. the concrete and the descending branch of the stress-strain curve is steep and rapid, i.e., failure is
" rapid and catastrophic.
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Figure 35.  Analytical Model of Stress-Strain Curve for Confined Concrete.
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e. Maximum spacing for ties.

The maximum spacing for transverse reinforcing in the ACI Code under Section
7.10.5 - Lateral Reinforcement for Compression Members - Ties is given as "spacing of ties shall
not exceed 16 longitudinal bar diameters, 48 tie bar or wire diameters, or least dimension of the
compression member.” The ties should be arranged such that every corner and alternate
longitudinal bar is enclosed by a comer of a tie with an included angle of not more than 135°.
Spacing between unsupported longitudinal bars should not be greater than 6 inches clear on each
side along the tie from a laterally supported bar. Figure 36 from the ACI Code (Fig. 7.10.5) is
provided to clarify the foregoing remarks. The seismic design portion of the ACI Code for
transverse reinforcement of members subjected to axial and bending , Section 21.4.4.2, states
that "Transverse reinforcement shall be spaced at distances not exceeding (a) one-quarter of the
minimum member dimension and (b) 4 inches." Additionally, the total cross-sectional area of
transverse reinforcement (including crossties) should be greater than the values given by the
following equations:

A L
Ag =0. 3(shc)(—i—1\ L (36)
f'
Ag, =0. w(shc)(-fyﬁ-) €5

where:

Ag, = minimum area of transverse reinforcement.

Ag = gross area of concrete cross-section.
Ach = area of concrete core, measured to outside of
confining reinforcing.
fyh = yield strength of hoop reinforcement.
by = cross-sectional dimension of concrete core
measured center-to-center of confining reinforcement.
s = spacing of transverse reinforcement.

Such transverse reinforcement shall consist of hoops and optional crossties of the same bar size
and spacing as the hoops. Each end of the crosstie shall engage a peripheral longitudinal bar, as
shown in Figure 37 taken from ACI (Fig.21.4.4).
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B. APPLICATION TO ROOF BEAM SLAB

The foregoing analysis procedure was used 1o desigr reinforcement for the top slab of the
stecl-concrets composite beam. Examplec of a typical slab with two different reinforcen:ent
layouts are described in <he following to illustrate the use and benefits of this concept.

Figure 38 shows a cross-section of a 24-inch-wide 6-inch-deep concrete slab such as
could be used for a roof beam. Grade 60 #3 (3/8 inch diameter) rebar was used for both the
longitudinal and transverse reinforcing. The corncrete was assumed to have an unconfined
compressive strength f 'co 0f 4000 psi. The two cases described herein represent using maximum
spacing between the transverse hoops of either € inches, according to ACT Sec. 7.10.5, or 1.5
inches, if Sec. 21.4.4.2 is followed. It should be noted that spacing based on 1/4 the width of a
column is reasonable, but not really practical for thin slabs. The corresponding amount of
transverse reinforcing, in the form of a perimeter hoop and crossdes, is based on the minimum
amount required to satisfy ACI Eqn. 21-3 or 21-4. Aficr selecting this reinforcing, the procedure
from Reference 70 was used to estimate the strength and ductility.
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Figure 38.  Example Reinforcement Options for 24-Inch-Wide, 6-Inch-Thick
Normal Strength Concrete Slab.
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For Case 1 (Figure 39), with s = 6 inches, the minimum area of reinforcement determined

by ACI Equations 21-3 and 21-4 was 0.782 in2. This result was determined by using h. =

21.625 inches, the cenier-to-center distance in the long dimension. This requirement can be

satisfied by one perimeter hoop and six crossties as shown for case 1. The resulting reinforcing

has eight longimdinal bars in each face on spacing sj of approximately 3 inches. The minimum

‘ area of reinforcing in the sheit divecidon was satisfied by the perimeter hoop alone. These

. parameters lead to a peak confined compressive strength of nearly 5700 psi at a strain of 0.6%.

‘ This represents a <2% gain in strength and peak strain 3 times the value of €9 = 0.2% assumed
for the unconfined concrete. The reinforcement ratio, pgh, defined here as:

pay =23, (38)
she
is equal t0 0.68% for this case.

The second case used the more conservative spacing of 1.5 inches between transverse
hoops. ACI Equations 21-3 and 21-4 give a minimum area of reinforcing of 0.196 in2, which
would be satisfied by the No. 3 perimeter hoop (Agh = 0.22 in2). However, ACI Sec. 21.4.4.3
requires that crossties or legs of overlapping hoops cannot be spaced more than 14 inches on

- center perpendicular to the longitudinal axis of the member, see Figure 37. Thersfore, one

' crosstic is used in addition to the perimeter hoop and the resulting reinforcing has three
longitudinal No. 3 bars in each face with spacings of 10.44 inches in the long direction and 3.625
inches in the short direction (see Figure 38).

. Computing the confined concrete strength and ductility using the previously defined
equations leads to a peak confined compressive strength of 6234 psi at a strain of 0.8%. This
represents a strength gain of 56% at a ductilivy »f yearly 4 times the unconfined case.. The
reinforcing ratio pgy, equals 1.07% for this case.

A third analysis was made using the perimeter hoop and crossties from Case 1, but
centered on 1.5-inch spacing as determined from Case 2. The resulting confined strength was
9335 psi with a strain of 1.5% at peak stress. The strength has more than doubled and ductility
is nearly 8 times the unconfined value for a reinforcing ratio pgh of 2.7%. Figure 39 summarizes
these results by showing the computed stress-strain behavior for the unconfined concrete and the
three confined cases. The obvious benefits of adequate confinement are a dramatic gain in
strength with increasing strain. zad much greater material ductlity. These characteristics are
ideal for the steel-concrete comvosite beam. While this same approach could be applied to the

— reinforced concrete and prestressed beams, it is likely that sever: rehar congestion would occur
due to the required shear strrups and transverse shear and flexural reinforcement.
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Figure 39. Analytic Stress-Strain Curves for Example Slab.




SECTION 6. PROTOTYPE TEST PROGRAM

As described in the preceding sections, the steel-concrete composite cross-section with
confined concrete presents a potentiaily attractive conc for blast-resistant roof beams. In
general, the two ey individual components of this concept, i.2.. steel-concrete composite and
confinement of cuncrete have been applied and proved individuslly for each component for
applications different from that considered herein. The cumbination of these cornponents,
applied to the extremely high resistance/weight requirement for the shelter roof, has not yet been
proven. Due to this lack of proof-of-conczpt, a prototype beam test program was developed and
implemented.

A. OBJECTIVES

The test program was developed to provide experimental validation of the concept in
terms of strength, ductility, and constructability. Specifically, the static flexural resistance
function for this concept was developed analytically using the procedures and assumptions
described in the previous sections. Whereas the analytical development was known to be
fundamentally sound, the performance of the concept relies on full development of theoretical
strength and reliability of this strength over a wide range of ductility. Neither the analytical
procedure nor previous research could prove the applicability of the concept to meet these
requirements. Ultimate confidence in the analytically derived static resistance function could be
achieved only through experimental validation.

In addition to validation of the static resistance function, the overall design procedure can
be partially validated via prototype testing. Specifically, the nonflexure resistance of the concept,
including shear and bearing, could be verifisd through the tests.

Finally, the constructability of this particular concept has not been proven since the
confinement of the concrete portion of a steel-concrete composite beam has not been previously
seen in practice. The potential fabrication problem of this combination that would benefit from
design and construction of the test specimens is the possible interference of the considerable
longitudinal and transverse reinforcement required to produce confinement of the concrete and
the shear studs required for transfer of the horizontal shear between the concrete and the steel
section. The level of difficulty in fabrication of this detail could be investigated and determined
by design and fabrication of actual large-scale prototypes.




B.  DESIGN AND FABRICATION OF THE TEST BEAMS
1 Laboratory Setup

The prototype beams werc to be tested at the facilities of the Concrete
Technology Division (CTD), Structures Laboratory, U.S. Army Waterways Experiment Station
(WES) in Vicksburg, MS. These facilities include a large structural test floor, various loading
devices. The capabilities and limitations of the facilities and available equipment provided a
framewark and boundaries for cost-effective prototype beam test design.

The structural test floor has a large open area with embedded threaded
connectors for attachment of load frames, reaction frames, and other test equipment. The
physical dimensions of the test arca were more than adequate and imposed no restraint on the
design or handling of the test specimens. A large overhead gantry crane and available forklift
provided adequate capacity for moving any of the proposed test specimens.

The grid of connectors embedded in the floor is on a 3-foot spacing in both
directions, as illustrated in Figure 40. Each threaded connector and the structural floor is
designed for a maximum vertical load (upward or downward) of 100,000 pounds at each grid
point. Various components of load and reaction frames and other laboratory equipment were
available that were specifically designed to work in this threaded connector system. The spacing
of the connectors and the load limit per connector played no minor role in design of the test
specimens. The impact of these constraints are described in the following section.

Whereas the WES laboratory had a number of various loading and reaction frame
components and several sizes and types of loading rams, the most practicable setup involved
using the load frame shown in Figure 40, with a single loading ram with 150-ton capacity. This
loading frame is supported on four columns on 6-foot spacing and was specifically designed for
the 150-ton ram capacity. The clear spacing between columns provides sufficient room for any
prototype beam design. Other available loading frames and rams were of considerably less
capacity and would not be suitable for this program.

Likewise, a limited number of reinforced steel beams were available to act as
reaction beams or spreader beams for the loading. The geometry and capacity of the available
beams indicated one large 8-foot beam would be adequate for use as a spreader beam and several
smaller beams could be used as reaction beams.
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Figure 40. Schematic View of 150-Ton Load Frame Used for Prototype Beam Tests.

Loading was accomplished with the 150-ton ram under displacement control.
The hydraulics were controlled by a recently installed miczocomputer based system. The
actuator and pump were reconditioned just prior to the beam tests. The new system monitored
ram displacement and load as control variables.

Separate data acquisition facilities at the WES lab were capable of monitoring up
to 40 channels of data simultaneously at a fixed sampling rate. Data was acquired from strain
gages attached to the beam, displacement gages, and the load cell via an analog to digital and
signal conditioning system interfaced to a data acquisition computer.




Since the data sampling rate was constant, the ram displacement rate was set to
provide a reasonable number of data points in the three primary regions of response, i.c. linear
clastic, yield, and plastic. A slow ram displacement rate was prescribed in the linear region due
to the relatively suff response. A slower displacement rate was prescribed for the
crushingfyielding region to permit good definition of this region of significant changes in the
stiffness of the system. The displacement rate was significantly increased in the postyield region
to permit timely completion of the test and to acquire only a reasonble number of data points in
this region of large displacements. Figure 41 and Table 14, taken from the test plan, show the
selected displacement rates and deflection regions for the tests.

TABLE 14, BEAM TEST DISPLACEMENT RATES.

Region Displacement Deflection Range (in) Number of Samples
b — Rate (in/sec) 10-foot 16-foot 10-foot 16-foot
1 001 0-0.5 0-1 30 100
1 0005 0.5-1.0 1-2 100 200
i1 002 1-4 2-6 150 200
o
8
—d
I I1 [11I
dmax
Deflection

Figure 41 Three Regions Defined for Displacement Controlled Beam Tests.




2. Design and Fabrication of Test Beams

The test beams were designed using the procedure developed herein, As the
loading would be static and nonunitorm, the design was primarily based on the ultimate flexural
capacity and stiffness of the test beam. The limitations imposed by available equipment,
primarily the 150-ton total vertical load capacity, restricted the prototype design to a small family
of test beams. Additionally, the beam weight and size was to be limited somewhat to permit
reasonable handling with limited facilities of potential fabricators and allow a reasonable number
of beams to be built within the budget.

The basic beam design considered a symmetrical, simply supported beam with
two point loads to produce pure bending in the center section, as shown in Figure 42. The
maximum applied moment was, thus, a function of the distance between a load point and nearest
support, and the maximum vertical load. The distance between load points was maintained at
values greater than twice the beam depth to minimize localized load effects. T'wo different beam
designs were developed to investigate response for Jifferent length/depth ratios. The beam
lengths selected corresponded approximately to half- and third-scale for the expected prototypes.
However, the beam designs were not to be scale models, rather they represent prototypes
somewhat shorter than the spans of 20 and 50 feet. For each beam design, two specimens were
fabricated to provide replication and backup.
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Figure 42.  Prototype Beam Four-Point Load Configursiion,
Shear, and Moment Diagrams.




Each beam was designed to ensure flexural response, i.c., all other response
modes were carcfully designed to prevent premature failure in another mode. Specifically, the
shear studs, web shear, reaction point and load point bearing, welds, and flange buckling were
conservatively designed to carry more than the expected maximum load. This conservatism for
nonflexural modes was consistent with the design procedure to ensure flexural response and
ductility.

The prototype test beams were fabricated using standard concrete, reinforcing
steel, and plate steel. Specifically, the concrete was specified to have a 28-day strength of 4000
psi. The reinforcement used standard bars with a nominal yield swength of 60 ksi (ASTM
A615). The plate steel was typical of plate girder construction with a nominal yield strength of
S50 ksi (ASTM A572). Standard welds and Nelson shear studs (ASTM A108) were specified.

The two prototype beams were 10 feet and 16 feet long with clear spans between
supports of 9 feet and 15 feet. The constant moment section between load points was 2 feet for
the 10-foot beam and 3 feet for the 16-foot beam. The resulting maximum moments that could
be applied to the two prototype beams, determined by one-half the maximum ram capacity times
the shear span, were 6.3 and 10.8 million inch-pounds, respectively. Beam cross-sections for
the two lengths were checked against these limiting values during design.

The dynamic capacity of each beam was determined by scaling the duration of
the load pulse by the geometric scale factor (e.g., 0.45x2S msec for the 9-foot-clear span and
0.3x40 msec for the 15-foot-clear span) in the design procedure analysis. It should be
cmphasized that these were not "scaled experiments” in a precise definition of the term. The
beams were to be fabricated using conventional materials to avoid the complexities and cost of
scaling the physical properties. For example, the size and properties of the concrete siab and
confining reinforcement (bar size and spacing) were representative of a full size beam as opposed
to a scaled model.

It was found that both prototype beam designs could use the same cross-section,
thus, simplifying the design and fabrication of the test articles. Figures 43a and 43b show
elevation and plan views of the two beams, which have the cross section depicted in Figure 43c.
This cross-section has a predicted ultimate moment capacity of 3.6 million inch-pounds, with a
ductility factor of 9 and support rotation of 4° for the shorter beam, while the longer beam had a
ductility factor of 5.5 and support rotation of 4°. The resulting predicted ultimate loads for the
two point load configuration were 172 kips and 101 kips, respectively, for the 10-feet and 16-
feet-long beams, both well within the capacity of the 150-ton ram and load frame.
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16 Foot Beam

Fabrication Details for Prototype Beams. (Continued)

a.

Figure 43.
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b. 10 Foot Beam.
Figure 43.  Fabrication Details for Prototype Beams. (Continued)
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Figure 43.  Fabrication Details for Prototype Beam. (Concluded)

The associated design details, including the number and layout of shear
connectors, size of bearing stiffeners, and size of welds were detenmined using standard design
procedures contained in References 45, 50, and 71, and summarized in Section 3.C.3. Design of
the reinforcing to provide confinement of the concrete slab was done according to the procedure
described in Section 5. Closely spaced hoops and stirrups were placed in the constant moment
section, as shown in Figures 43 and 44. Outside of this section the spacing of confining rebar
was increased to conveniently fit with the shear connectors (3 to 3.5 inches) for a distance of
about onc-and-a-half beam depths, beyond which only nominal reinforcing was used. The shear
connectors were placed only in the shear span between the load points and end suppoits. The
short beam had a 3 x 14 (42 total) pattern while the longer beam had a 2 x 20 pattern (40 total).
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Fabrication was achieved by two different fabricators. The meihod of
construction was generally not constrained except by the specification of final product.
Fabricating procedures were generally typical and essentally left up to th- rwo fabricators. The
steel plate girder section was fabricated first by a local steel fabricator. The web and flange
plates were cut and welded to form the steel girder. Nelson studs were tzn welded to the top
flange in accordance with the design specifications. The steel fabricator also cut and bent the
reinforcing steel that would be placed in the concrete slab.

After the steel girder sections were complete, they were moved to the second
contractor shop building where the strain gages were applied and concrete slab placed. The
strain gaging used standard procedures for preparation of the metal surfaces and gage bonding.
Strain gages were applied to flat milled surfaces on the rebars. Protective layers were then
applied to waterproof the gages and resist abrasion during subsequent concrete work. Strain
gaging the top surface of the concrete was done after approximately 21 days of cure. The
concrete surface at each gage location was first prepared by applying a layer of epoxy cement
which was then finished to a smooth, hard surface.

Figure44.  Prototype Beams During Assembly of Reinforcing
Cages and Concrete Placement. (Continued)




Figure 44, Prototype Beams During Assembly of Reinforcing
Cages and Concrete Placement. (Concluded)




After the strain gages had been applied, the steel reinforcing cages were
assembled and tied. As the cages were constructed, the strain gaged pieces were placed at the
appropriate locations for each beam design. After the cages were tied and placed among the
studs, the alignment and placement was inspected for conformance with the specifications. The
beams were carefully leveled and the sides of the slab portions were formed with wocd forms.
The ready-mix concrete with mix properties given in Table 15 was placed and consolidated using
a vibrator, then trowel finished. Standard cylinders (6 inch diameter x 12 inch tall) were made
for testing at 7, 14, 21, and 28 days. The slabs and cylinders were covered with plastic and
moist-cured for a period of 28 days at the fabricator shop. The photograph in Figure 44 shows
one of the 16 foot beams on the left and a 10-foot beam on the right as the reinforcing cages
were being assembled. The shear studs are visible as rows of pegs with heads attached to the top
surface of the steel girders. Figure 44 also shows the concrete being consolidated with a vibrator
as it is placed in a 10-foot beam. Strain gage lead wires are visible coming out of the top surface
of the slabs. In the background, the two 16-foot beams alieady have concrete in place.

TABLE 15. CONCRETE MIX PROPORTIONS

Portland Cement (1b) 828
Flyash (1b) 258
Sand (Ib) 2492
Gravel (1b) 3812
Air (0z) 3
Water Reducer (0z) 32
Water (gal) 35
3. Instrumentation of Test Beams

Instrumentation consisted of strain gages attached to the test beams, displacement
gages mounted at points under the beam, a displacement gage to measure ram travel and a load
cell under the hydraulic loading ram. Uniaxial strain gages were placed at seven levels
throughout the depth & the beam (Figure 45). Specifically, gages were placed (1) on the top of
the concrete slab, (2) on a longimdinal bar in the concrete approximately 1.25 inches from the
top surface, (3) on a hoop bar at mid height in the slab, (4) on the top surface of the girder
flange, (5) & (6) on the side of the web plate 1.5 inches below the top and above the bottom
flanges, and (7) on the bottom surface of the girder flange, as shown in detail in Figure 46.
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Figure 45.  Sketch of Nomenclature for Strain Gage Levels.
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Gages 1, 2, and 4 through 7 were oriented parallel with the long axis of the beam
while gage 5 was oriented vertically on the hoop bar. For replication and backup purposes,
gages were placed doubly symmetric about the beam length and width centerlines. Thus, a total
of 28 strain gages were auached to each beam. This duplication permitted accounting for
imperfections or nonsymmetry of the beam or loading and also served as a backup in case of
gage failures during fabrication or testing. Due to the irregular finish resulting from bringing the
gage wires out the top of the slab, the location of the strain gages on the slab surface were

adjusted as shown in Figure.47.
12 in. ¢ 12 in.
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gage on slab surface.

= Modified iocation due to
uneven surface.

Figure 47.  Modified Level 1 (Top of Slab) Strain Gage Locations.

Prior to testing, deflection gages were placed at five locations along the length of
each beam. These locations, shown in Figure 48, include the beam centerline, load points, and
midway between the load points and reactions. At midspan, two gages were used to measure
any twist of the beam. The redundancy and symmetay of the deflection gage placement
accounted for nonsymmetric loading or response.
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D3 & D4 - gt loadpoints
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D5 & D6 — on both sides of beam

Figure 48.  Locations of Displacement Monitoring Gages.

The deflection gages were placed as previously described and linked to the data
acquisition system. The strain gage wires were similarly linked to this interface. The entire
system was checked for continuity, including the interface with the load cell and ram
displacement gage. The output from the load cell and midspan deflection gages were connected
to an analog plotter to provide a real-time plot of the load-deflection response. Video and still
photography were used for additional test documentation. The video camera faced one side of
the bearn and included digital output of the load cell and ram displacement prominently in view.




C. DISCUSSION OF RESULTS

1. Description of Tests

During the period of concrete curing, concrete cylinders were broken after 7, 14,
21, and 28 days. On each of these days, three cylinders were selected at random from those
available and tested to compressive failure at the WES CTD laboratory. The results of these
three tests were averaged to estimate the progress of strength gain of the concrete. The results
of these tests are presented in Table 16 and Figure 49. As seen in this figure, the concrete
steadily gained strength and reached the prescribed strength in 28 days. These results indicated
that the tests could proceed at anytime after the minimum imposed 28 days. In addition,
cylinders were broken on each beam test day to determine the appropriate concrete strength for
comparison with the design value in hindcast analysis of the test results.
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Figure 49. Concrete Cylinder Strength On Each Day Of Testing.




TABLE 16. SUMMARY OF CONCRETE CYLINDER STRENGTHS

AGE CYLINDER | CYLINDER | CYLINDER | AVERAGE
AYS) L CSD L ST @S0 LESD —
7 2950 2970 3120 3016
14 3540 3180 3240 3320
21 3400 3640 3730 3590
28 4030 4070 4050 4050
66 4560 4330 na 4695 Beam 16A
68 5020 5160 na 5090 Beam 10B
70 5200 5340 na 5270 Beam 10A
74 5480 5130 5250 5290 Beam 16B

The four beams ard remaining cylinders were transported to the laboratory after
the concrete had cured about 21 days. Delays in installation of the new test system at the WES
laboratory delayed the first beam test to day 66 after the concrete was placed. The first beam
tested, Beam 16A, was set up and inspected two days prior to the test. The general arrangement
of the test setup is depicted in the pictures in Figure 5C of Beam 10A. The force from the ram
was distributed through the spreader beam to the slab surface by 1.5-inch-diameter steel bars
and bearing plates (Figure 50 top shows the ram in the top middle of the photo in contact with
the spreader beam; the spreader beam in turn is resting on the two round bars in contact with the
top surface of the test beam slab). The beam ends reacted through similar rollers to beams
resting on the floor, as shown in Figure 50 bottom. Spacer plates were inserted as required to
provide additional clearance between the spreader beam and the test.article, and between the
beam and the floor.

The maximum ram travel of under six inches was less than the anticipated beam
deflection. Therefore, an unloading/reloading cycle was also included in the loading program to
permit placement of spacers between the ram and the spreader beam. After the spacers were in
place, the beani was reloaded for continued testing.




Figure 50. Pretest Photograph of Beam 10A Showing Spreader Beam,
Load Points and Roller Supports.




Beam 16A was tested first. Subsequent tests of beams 10B, 10A, 16B were
conducted on two-day intervals to allow beam removal and setup and quick-look analyses of the
previous test results. Lessons leamed from each test were used to improve the testing procedure
for subsequent tests, For example, the gimbaled end support used to allow some rotational
freedom about the longitudinal axis was severely deformed after the test on Beam 10B (Figure
51). This support was replaced in subsequent tests with a roller and plate. The first two tests
(16A and 10B) were terminated when the beam bottom flange reached the concrete blocks that
were used to protect the displacement gages underneath the beam (Figure 52). The second two
tests (10A and 16B) were temporarily stopped at this point and the blocks and displacement
gages were removed. The test was resumed and continued until the beam reached the floor or
the ends of the spreader beam contacted the test article.

Figure 51.  Gimbaled Support Condition After Test Showing
Yielded Roller and Bottom Flange.




Figure 52.  Beam 16A at Conclusion of Test Showing Spalled
Concrete Layer and Permanent Deformation.

2. DOverall Performance

The results of the four prototype beam tests were encouraging from a number of
standpoints. Firstly, and most importantly, the overall performance of the test specimens met
expectations as to strength, stiffness, and ductility. Secondly, the test procedures and execution
proved to be excellent for the intended purpose. Very few problems were evidenced during the
tests and each was of a generally minor nature. Testing proceeded essentially as planned and
data acquisition appeared to be very consistent. An overall appreciation of the test results can be
gained from a study of the measured load-deflection relationships.




a Beam 10A

The load-deflection results for test beam 10A are shown in Figure 53. From the
initiation of loading up to a load of about 170 kips the bearn responded quite linearly. At this
load gradual softening occurred due to initiation of yield of the steel girder. Between this point
and just over 200 kips, the slight softening continued until the concrete above the confining steel
spalled off, relieving some of the load and causing the “peak” in the response. In the plastic
region the response reflects progressive yielding of the confined concrete and of yiclding in the
steel girder. The load rises only gradually in this region due to strain-hardening of the girder
steel as the beam curvature and strains increase. At a deflection of about 3.5 inches, the beam
was unloaded to permit addition of spacers to continue the test The unloading/reloading
segments are relatively linear and the generally plastic response continued when the load and
deflection returned to the unloading point. ‘The test was paused at about 5.5 inches of deflection
(not unloaded/reloaded as before) while the deflection gages beneath the beam were removed to
allow continued deflection (indicated on the curve by a downward spike). Since the deflection
gages were removed, the last portion of the load-deflection curve was obtained by extrapolating
the ram travel data. The test continued until the space between the spreader.beam and the test
article was exhausted (displacement = 6 inches). This last segment indicated a slight increase in
load followed by an equal decrease in the load over the final 0.5 in of deflection.
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Figure §3.  Load-Detlection Plots for Beam 10A.




b. Beam 10B

The response of Beam 10B, shown in Figure 54, was very similar to Beam 10A.
The linear and initial softening regions are essentially the same as for 10A. The straight portion
of the response between about 1 inch and 2 inches deflection reflects a problem that occurred
with the hydraulic system at this critical stage of the test. Just before the top layer of concrete
began to crush, the hydraulic system appeared to have reached maximum capacity and the load
became constant. Meanwhile, the controller program continued to run, accumulating
approximately 1 inch of discrepancy between the actual and rate controlled deflections. After a
check of the hydraulic system by the WES and MTS technicians, the problem was found to be a
closed valve for developing higher pressure at the pump. The valve was opened very slowly, but
unfortunately the accumulated error caused a significant jump in the applied load and deflection.
This problem did not occur in the first test, Beam 16A, due to the lower load capacity of the
longer beam. Loading continued normally after this point up to unloading and reloading at about
3.5 inches to accommodate ram extension. The test was terminated at about 5 inches of
displacement due the lack of space between the concrete blocks on the flocr and the beam.
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Figure 54.  Load-Deflection Plots for Beam 10B.
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c. Beam 16A

The test results for beam 16A, shown in Figure 55, indicate the same general
regions of response, ie., linear, softening/crushing, puistic, and unloading/reloading, as
previously described. Naturally, for the longer beams, the loads are less and the deflecrions
greater than the shorter 10-foot beams. The crushing of the concrete above the confining steel
occurred mare abruptly in this test than in the others and occurred in two distinct stages between
about 2 to 3 inches of deflection. After the unload/reload cyzle, loading continued to about 7.5
inches, where the test was terminated due to lack of rattle spacs between the beam and the floor.
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Figure 55.  Load Deflection Plots for Beams 16A.




d. Beam 16B

The results of the final beam test (16B) are shown in Figure 56. Compared to the
previous tests, this test produced probably the most reliable and useful data. The
crushing/softening behavior was less pronounced in this test, probably due to somewhat less
concrete failing outside the confined region. This test was set up with more space between the
beam and floor to permit testing furtker into the plastic range. As a result, the beam was
unloaded twice, as shown, to permit addition of spacers at the rem. Reloading consistently
returned to the original response at unloading and continued plastically. The test was terminated
at about 12 inches of deflection due to interference between the beam and the concrete floor.
Even at this large deflection, the beam was continuing to accept load. Figure 57 shows the beam
after the termination of the test with approximately 11 inches of permanent deflection at

midspan.
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Figure 56.  Load 'Deflection Plots for Beams 16B.




Figure 57.  Beam 16B At Conclusion of Test with 11 Inches of Permanent Deflection.
3. Response Comparisons

All four of the test specimens exhibited considerable ductility, far beyond what
might be expected for beams without significant confining steel in the concrete. Table 17
summarizes the measured maximum midspan deflections, computed ductilities, and support
rotations for each test. It is important to note that none of the tests were stopped due to
hnminent or actual failure, but rather due to the loss of rattie space between the beam and the
floor or spreader beam. One cannot say from these results how much more ductility could have
been achieved from these beams, only that the measured ductility was considerable at test
termination.




TABLE 17. MEASURED DUCTILITY AND SUPPORT ROTATIONS

FOR PROTOTYPE BEAMS

Beam |3, Sy B ¢
Elastic Maximum Ductility Support
Deflection Deflection 5 Rotation

u/ b3 d

(inches) (inches) y (degrees)

10A 0.42 6.2 148 6.5

10B 0.42 .5 13.0 5.8

16A 1.1 8.5 7.7 54

168 1.1 12.0 10.9 7.6

The goals of the test program were to provide (1) a proof-of-concept for the
confined concrete-steel composite beam and (2) provide a baseline to measure the accuracy and
appropriateness of the analytical models and methods of this work. As shown, the test results
indicate that the first goal was adequately met. The second goal was assessed by comparing the
test results with analytical predictions. The comparison of results for the two 10-foot and two
16-foot test beams with analytical predictions are discussed next.

a Beams 10A and 10B

The overall response for the 10-foot beams are compared with the analytical
predictions in Figure 58. This figure plots the load deflection results for both tests with the
predictions from ADINA and the simplified design procedure. The ADINA posttest analysis and
simplified procedure results were based on the concrete and steel material properties as measured
from concrete cylinders and steel coupons. As seen in the figure, the ADINA results compare
extremely well with the test results. ADINA does not predict the peak just before the concrete
crushes, rather the smeared concrete model used in the analysis predicts a smoother transition
from the linear to relatively plastic response regions. Also, there was no attempt to reproduce
the unloadingfrelcading cycle required by the test procedure in the ADINA analysis. The
comparison clearly shows the capability of the finite element analysis to very reasonably predict
the overall response of the beams. The simplified procedure predicted reasonable, though



slightly conservative, values for the stiffness and ultimate resistance of the beams. The simplified
prediction is shown for a design ductility of 6, and clearly indicates the much higher ductility
achieved by the test articles. These comparisons provide a large measure of confidence in both
prediction methods. The maximum ductility factor utilized in the simplified procedure could

casily be increased.
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Figure 58.  Load-Deflection Curves for 10-Foot Prototype Beams
with Design Procedure and ADINA Predictions.

b. Beams 16A and 16B

A similar comparison of test results and analytical predictions for the 16-foot
beams is shown in Figure 59. This comparison also indicates the excellent capabilities of the
analytical methods to predict the overall response. In fact, the most striking difference in results
is the difference in ultimate resistance of the two test articles, i.e., the ultimate resistance for test
Beam 16B was approximately 10-12 percent higher than beam 16A. From posttest observations
of the test articles, it appeared that Beam 16B had a slightly larger area of confined concrete than




Beam 16A. This conclusion was based on the different behavior and appearance of the scabbed-
off layer of concrete outside the reinforcing cage. Beams 10A, 10B, and 16A developed cracks
in the outer layer near the load points that pecled-off intuct pieces of concrete (Figure 60). In
contrast, the exterior concrete from Beam 16B did not have any large, intact pieces (Figure 61).
The resulting thinner shell of unconfined concrete also reduced the abrupt drop in peak load
characteristic of the other beams. In spite of this variability between the results from the two 16
foot beams, the ADINA analysis did an excellent job of predicting the overall response. The
simplified procedure also produced a very reasonable, slightly conservative static resistance
function. As previously seen for the 10-foot prototype, the maximum ductility factor utilized in
the design procedure was very conservative.

140
1204
1004
aa
878 804
= &
5
o]
| Q N
40+ EBeam 16B
Beam l1léa
20+ e [ T NA
----- Design Procedure
O . T T T T
0 2 4 6 8 10 12 14

Midspan Deflection (in)

Figure 59.  Load-Deflection Curves for 16-Foot Prototype Beams
with Design Procedure and ADINA Predictions.




Figure 60. Confined Concrete Core with Layer of Spalled Concrete -
Beams 16A and 10B.
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Figure 61.  Confined Concrete Core with Thin Layer
of Spalled Concrete - Beam 16B.

4, Strain Gage Results

Data from the strain gages are contained in Appendix B and discussed briefly
here. First, the gage numbering is reviewed, and units of measurement and sign convention are
explained. Then, some observations regarding the strain measurements are presented. Finally,
analysis of the strain gage data is presented in the form of moment-curvature relationships for the
test beams as compared to the behavior predicted by ADINA.

The location and numbering of gages were described earlier in Section 6.B.3 and
shown in Figure 46. The gages were configured and numbered in four groups of seven. Table
18 summarizes the gage locations and numbers. Gages were oriented to measure strains in the
longitudinal direction, except Level 3, which measured the strain in hoop reinforcement in the
vertical direction. Level 1 gages deviated from the pattern ased for the other levels, as explained
earlier. These gages were positioned on the longitudinal centerline of the beam 6 inches either
side of the line of load application; gages 1 and 22 were outside the loads and gages 8 and 15
were inside the constant moment section, as shown previously in Figure 47.
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TABLE 18. LOCATION AND NUMBERING OF STRAIN GAGES

Location _Level Gage Numbers
Top of Concrete Slab Level 1 1 8 15 22
Concrete, 1.25 inches from top Level 2 2 9 16 |23
Mid height of slab (vertical) Level 3 3 10 17 |24
Top surface of upper flange Level 4 4 11 18 25
Web, 1.5 in. from top Level 5 5 12 19 |26
Web, 1.5 in. frum bottom Level 6 6 13 120 27
Bottom surface of lower flange Level 7 7 14 121 128

On Beam 16B, the Level 1 gages were not used. Instead, these four channels
were used for four additional strain gages on the steel girder web and bottom flange to improve
the prediction of strain distribution. Gages 1 and 15 supplemented the gages on Levels 5 and 6,
respectively. Gage 8 was located in the center of the web, and gage 22 was positioned on the
top surface of the lower flange (Figure 62).

Figure 62. Location of Auxilliary Strain Gages on Beam 16B.




Tensile strains were negative values and conversely, compressive strains were
positive. Units of measurement were micro strains, equal to 10-6 infin. For example, the yield
point in tension for 50-ksi steel corresponds to approximately -1700 micro strains (-0.17%).

Generally, the strain gage results were in good agreement with the overall
response of the beams. For example, at the peak load prior to crushing of the concrete, ultimate
compressive strains at the concrete surface, measured by gages 8 and 15, were about 3000 micro
strains (0.003). The beginning of nonlinear load-deflection behavior corresponds to onset of
yield strains in the lower flange. Maximum longitudinal strains in the slab, measured by Level 2
gages, indicated concrete strains in excess of 10,000 micro strains (1%), which agrees with the
confined concrete model prediction.

Unfortunately, the strain gages on the confining reinforcement (Level 3)
performed poorly and evidenced a high gage failure rate. Although the reason for this failure is
not known, it was observed that only two Level 3 gages performed as expected (Beam 10A,
gages 24 and 10), indicating strains that approached or exceeded yield of the stirrups. The hoops
containing these two gages were oriented such that the gages were towards the middle of the
slab rather than towards the edge of the slab as were all the rest. One plausible explanation for
the survival of these gages is that the lateral expansion of the concrete towards the edges of the
slab squeezed the protective tape which was adhered to the gages and lead wires.

The strain gage data was userul in analyzing the moment-curvature behavior of
the bearns. Moment is the product of the load times the distance between lnad and support
locations. Curvature is determined by the strein distribution in the cross-section, and is defined
as the quotient of strain divided by distance from the neutral axis. The moment-curvature
relationship is scmewhat analogous to the stress-strain response of a material in that the external
load (stress/moment) is plotted as a function of the internal deformation (strain/curvature). A
britiie material/member has little or no postpeak response, whereas a ductile material/member
evidences some form of plastic load resistance.

Curvatures were computed from the measured strains by fitting a swraight line
(y=ax-+b) to the data from Levels 2, 4, 5, 6, and 7. This line estimates a linear strain disttibution
in the beamn. The coefficient "a" representing the line slope corresponds to the curvature. Strain
values from the four gages on each level were typically averaged together to obtain a single value
for the strain. Since many of the gages produced erratic data as the tests progressed, it was
necessary to disregard some measurements. Figure 63 depicts a representative result for the
strains in Beam 10A at 1/2-inch midspan deflection. The figure plots strain versus distance from
the bottomn of the beam. The average strain values appear as “x," and the line which best fits this
data is plotted through the points. Where this line passes through zero strain marks the location

of the neutral axis, in this case approximately 6.5 inches from the bottom surface of the beam.




The curvature is determined by dividing the strain in the lower flange, -2000 micro strains, by the
distance to the neutral axis, giving a curvature of about 300 micro strains/inch.
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Figure 63. Measured Strain Distribution in Beam 10A
at 1/2-Inch Midspan Deflection.

Repeating this strain/curvature analysis at frequent intervals of displacement leads
to the moment-curvature plot for the beam response shown in Figure 64. A similar calculation
from the ADINA strain results is shown as a continuous curve in the figure. The ADINA
mornent-curvature plot has a more gradual softening behavior, but is otherwise in very good
agreement with the experimental results. Similar plots for the other test beams are shown in the
continuation of Figure 64. In each case, the experimental and analytical results show excellent
agreement.
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3. Confined Concrete Slab

As previously discussed, the overall performance of the prototype beams was
more than satisfactory. This was in large part due to the very ductile behavior of the confined
concrete slab. A conventional steel-composite beam (i.e., without confining reinforcing) would
have experienced a significant loss in load capacity following the initial load peak. It would still
have a significant amount of ductility due to the long-yield plateau of the steel girder, but at a
reduced load corresponding to the plastic moment capacity of the steel girder only.

Strain gages embedded in the concrete slab indicated that maxinwm strains of 1.5
to 2.0% were achieved (see Level 2 stiain gage histories in Appendix B). Based on physi.
measurements of the final dimensions of the beams, the slab between load points shortened by
4.2%, 3.4%, 2.3%, and 2.4% for Beams 10A, 10B, 16A, and 16B, respectively. This represents
an order of magnitude increase in the amount of strain possible with unconfined concrete. An
appreciable increase in the concrete strength probably occurred, though direct measurements
could not be made. The strength gain was inferred by the good agreement between predicted
and measured load capacities.

Beam 10A was the only beam that experienced a drop in load resistance very near
the end of the test. An examination of the beam after the test revealed that one of the top corner
longitudinal rebar was buckled outward. As shown in Figure 65, the spacing between the
perimeter hoops at this location was not uniform as designed, consequently the buckled bar had
an unsupported length of about 3 inches rather than the 2-inch nominal spacing. When the bar
buckled, this resulted in a loss of confinement and local crushing of the concrete within the
confined core. Even so0, the overall beam response was barely affected, with a drop in load of
approximately 0.5%, and the experiment was terminated because of interference between the
spreader beam and test beam rather than imminent "failure” of the test beam.




Figure 65.  Buckled Longitudinal Rebar in Beam 10A.




SECTION7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
A SUMMARY

A design procedure for design of blast-resistant roof beams of a modular protective
structure was developed. This procedure incorporates current methods and recommendations
for blast-resistant design in a relatively simple form to permit rapid analysis of candidate
concepts. This procedure was applied to evaluate different structural concepts for roof beams
for two shelter sizes for & typical threat level.

In all, five different roof beam element concepts were evaluated:

1. Conventionally reinforced concrete.

2. Prestressed (pretensioned) concrete.

3. Steel-concrete composite having a solid concrete top
flange integrally connected to a welded plate girder.

4, Concrete beams reinforced externally vrith carbon
fiber sheets,

S. Pultruded fiberglass beams.

The dynamic design procedure utilizing a single-degree-of-freedom analysis for the beam
concepts was applied to determine the structural efficiency and effectiveness of the concepts to
blast induced shock loads. In addition to structural efficiency, other evaluation criteria including
cost, constructability, handling, storage, erection, and reliability were used to select the most
effective of the five concepts considered.

The structural response predicted by the simplified procedure compared very favorably to
that of a more sophisticated finite element analysis. This favorable comparison verified and
added confidence in the simplified design procedure.

Based on the results of the concept evalnation, the steel-concrete composite beam was
determined to be the most promising. A test program was designed and conducted to further
validate the steel-concrete composite beam concept. The prototype beams incorporated special
reinforcing designed to confine the concrete slab and greatly enhance its ductility and ultimate
strength. The results of these tests verified that the design procedure accurately predicts the
response of the steel-confined concrete composite beam. The enhanced strength and ductility of

this concept will permit relatively light-weight beams to be constructed using conventional
concrete and steel materials, satisfying the desired objectives of this research program.




CONCLUSIONS

The simplified *ynamic design procedure developed herein was validated for use
in designing wrefabricated roof elements to resist air blast indnced shock loadings.

A methcd was presented that can be used to predict the significant strength
enhancement achieved by using confining reinforcement for cencrete slab
clements,

Of the five concepts studied, the steel-composite concrete roof beam was found
to be the most efficient and effective to meet the blast and shock requirements for

this program.

The static test results (resistance function, load -deflection, and strain) of the four
prototype steel-composite concrete roof beams compared very favorably with
predictions rmade by the s’ mplified design procedure and finite element analyses.

The overall objectives of the study were met extremely well.

RECOMMENDATIONS

The simplified design procedure should be used for the design of rocf beams used
for the prefabricated protective shelter proposed by the Air Force,

A user friendiy computer program should be written to implement the design
procedure developed and validated in this study.

Details for attaching the roof beam to the carth-wall system of the concept shelter
need to be developed and verified.

Consider the use of light-weight cross beams to span over the roof beam concept
recommended from this study to determine if savings in cost and weight can be
achieved.

Design a full size shelier concept and subject it {0 a serics of weapon effects field
tests.

Develop a family of design charts for various shelter configurations and threats.
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APPENDIX A - DESIGN PROCEDURE FORMULAS

A REINFORCED CONCRETE
Refer to Figure A-1 for definition of symbols.

1. Flexural Resistance

Ce =0.85f, (aby — Agy)
Cs = Agfy
Ts = Asbfy

_ Aspfy = Aq(fy ~0.851,)
0.85f b,

a

f.
Check that: €g1 = €cu (1 - E‘la"j'l‘) 2 EL
S

Case 2; Compression Reinforcement Does Not Yield:
Cc = 0.85f, (aby - Agy)
Cs = Agtfr

= Ts—EcEsAg J(Ts —ecuEsAg ) +4(0.856:b )(8yEsAg Brd, )
2(0.85€,b,)

f.
Check that: €y = €.,(1 - Elfl) < .g-
S

Moment capacity:
M= Cc(dior - dp '%)*’Cs(dtot —dp —dy)




2. Stiffiness

a. Moment of Inertia of Uncracked Section Ig:
Location of neutral axis from bottom of beam:

- ZA-y
Y="FA

ZA y=t;by(dyoy --%-)+ dwtw(gzw‘*’ tb)+tbbb(-t-2b-)+(n ~DAgt(diy —dp)+(n-1)Agpdy

Moment of Inertia Ig:

1
Ig ra:s-l--z—(btt:t5 +bbt% +twd3’v)

- I . t - d
+yte (dior =7 =2 + bty T =27 + tudw (1 -7 + 22

+(n=D{Ag (dror ~F=d1)? + Agp (F—dp)?]
b. Moment of Inertia of Cracked Secton:

Case 1:Neur Axis in Top Flangs:

2
Solve the quadratic ¢ = '—Q*—'{ZB:-—'-E to find the distance "c” from the top of the beam to

the neutral axis, where:

A =P-3-
2
B =(n-1)Ag +nAg,

C =—{(n-1Agd; +nAgp (dyor—dp)]

Check that "c" is less than by, and if not, the cracked section neutral axis is in the
web and is solved for below.

- thB

Ier --é-—-+(n—1)Ast(c-dt)2+nAsb(dtot-c—db)2




Case 2: Noutral Axis in Web:
Solve the quadratic above with the terms defined by:

t
A =X
2

B = btdt - tttw + (n - I)Ast + n.Asb

2
t
C = -(-z‘-(bt -ty )+ (n~1)Agdy +nAgy (dior ~dp))

3
byt
Iy = —1‘-21-+ bttt(c--t-zl-)2 +(~1Ag(c-dg)?
2 tyle=1)°
+nAgh(dgor ~¢—dp) +—w——3—L—
¢. Average Moment of Inertia and Stiffness:
Ig+1g
favg ==
Stiffness for a beam carrying a uniformly distributed load is:
384E.1
K= BE
SL
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Figure A-1.  Definition of Formula Symbols for
Reinforced Concrete Concept.




PRESTRESSED CONCRETE
Refer 1o Figure A-2 for definition of symbols.

1 Flexural Resistance

Case 1; C ive Reinf Yields:
CC =0.85f'c(abt"'Ast)
Cs =Ast fy
Tsh = Agh fy

- Asb fy +Aps fps -Ast(fy -0.85 f'c)
a= 0.85f ¢ by

f
Check that: Est =£cu(1"‘gcl)zey ="EQ
s

Case 2. Compression Reinforcement Does Not Yield:

From summation of forces, and £¢; = €4, ,“_:'_E_Lfi_;_:

0.85 f'c bt 32 +(€cu Es Ast ""Aps fy)ﬂ"‘Scu Es Ast B] dt =0

1 i tic fi dc= .

Solve this quadratic for a and ¢ }‘/31

Since fpg is not known, the solution is obtained by trial and error, with fps defined for
270 ksi 7-wire stress-relieved low-relaxation strand:

- (dsE =~c) e

c
fps =28,000€ps (ksi), when e, <0.008

Eps cu

0.075
€ps = 0.0065
An cstimate of fpg is made which allows the calculation of the position of the
neuiral axis for either Case 1 or Case 2. The strain €ps and siress fpg is then calculated
and compared with the initial estimate, which is then refined if need be and the calculation
repeated until good agreement (<5%) is achieved.

fps = 268~ < O.98fpu (ksi) when, E€ps > 0.008




Moment capacity:

M = Tpg(dgor — % = dp)+ Tb (deor ~ %5 —dp) = Cs(d; - 34)
= Ag &y E;, egq<gy

2. Stiffness

a. Moment of inertia of Uncracked Section I g

Location of Neutral Axis from Bottom:
\

SAy = tiby(ior =)+ dutu( S+ tptbbp ()
+ (=DAg(dior —%)+(n ~1)Agydp +(rps ~DApsdp
ZA = by +dyty +tpby H(n I Ag + Agp) +(nps —DAp
Moment of Inertia Ig:
Ig = —;-(bttﬁ +tydy> +bpty>)
+ bty (di -—;—%H bbtb(§—-t-2tl)+ tydy, (ty -y +%"L)

+ (n=D[Ag(dy —Y—d)? +Ag (F—-dp)?]

+ (npg—DAp(y~—dp)?

b. Moment of Inertia of Cracked Secton:

2
Solve the quadratic ¢ = :.Eﬂ;\@ to find the

distance "c" from the top of the beam to the neutral axis.




« | Case 1 Neural Axis in Top Flange:
,) o
2
B = (n-DAg+n(Ag+Ap)

C=- [ (n-l)AStdt +n ASb (dtot—db)“npsAps(dtot—dp) ]
Check that: csb

b 3 2
Ier =—3§—+(n-1)Ast(c —dp)+nAgy(dyoy —¢—dp)

+ DpsAps(dior —c—dp)?

Case 2: Neywral Axis in Web
A=y
2

2
t
C= -[—2'-(bt ~ty) + (n-1Agd,

+ nAsb(dtot —db)" “psAps(dtot - dp)]

3
twe® . (by—tw) 3 2

[ =R g bWy 3 (b =t )t (==

or =3 T ¢ +{by — ty)ty( 2)

+ (n=DAg(c—d)? +nAg +(dor —c=dp)”
¢. Average Moment of Inertia and Stiffness:

oo gt e
avg 2

384Elayg
5 13
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Figure A-2.  Definiton of Formula Symbols for Prestressed Concrete Concept.




C. STEEL - CONCRETE COMPOSITE
Refer to Figure A-3 for definition of symbols.

L Flexural Resistance:
Case 1: Neumal Axia in Web:
0.85€; byt

Co = fygbite

5
U

-
23
¥

Summation of forces and solving for "c" gives:

c ls+ltf+—2'y'+ﬂ Difter _ OSSf L% 2(t, +t,f)

4ty HMyoty
M = cs(c——‘-21)+ctf(c~:s—5§-)+cw(31-‘-52—'-'—‘i>

—c—t
. TW(SJQ.L_Z?___E.).;.TH@‘O‘_C_BE_)

Case 2: Neutral Axis in Top Flange:

Cs = 0.85f; byt

Ci = fygbu(c—ts)
Ty = fygbe(ts+tg—c)
Tw = fyg2tydy

Tof = fygboeter
Summation of forces and solving for "¢" gives:

= tg +_¢+_E_.... ..ii M"(ts*‘td’)




M = Cs(c—fg-)+ Cd-(g—"é—ﬁ-)-f-'l’tf(ﬁi"'_tf.lﬁ)

+ Tw(g?"'tf”tf '°)+be(dtot"°—'t'g£')
If ¢ < tg , the girder should be modified.

2. Stiffness:

a. Location of Neutral Axis from Top:

;,__EA'Y
YA

ZAy = (P;ls'xts)('tz's')'*‘btftﬁ(ts +5§)+ 2ty (ts + 1ty +9_2"L)
+ by tpr (tg+ s +dy, +-t-g-)
b
A = (—ns')(ts)+btfttf +2tydy +bpftpf

b. Moment of Inertia and Stiffness:

12\ n
2 2
n 2 2

+ [2tydy(ts +tg +§,2\_v__');)2 +bpetps(ts + by +dy, +-E-g-f—--§)]

5.3
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Figure A-3.  Definition of Formula Symbols for Steel-Concrete Composite Concept.



MASS OF ROOF BEAMS AND OVERLYING SOIL

1. Reinforced Concrete
Wheam = [(Dety + tydy + bytp)We +(Age + Agp)ws JL

2. Prestressed Concrete

Wheam =[(byte + twd + bpty)We +(Agt + Ah + ApsIws L
3. Steel -Concrete Composite

Wheam =[(bsts)We + (Dyster + 2ty dy, + bpetpe )ws L

4. Overlying Soil

| Wsoil = dsoil Bbeam LWsoil

5. Mass

_ w b-msec®
Mass = ———N /
384.6x10°° /"‘




E. DYNAMIC ANALYSIS
1. Equivalent Mass and Net Resistance:
Mg =Mass X Kj
where:

Kim = for elastic response

= for plastic response
S§M
Rper = "I:‘?‘ - wbeam - wsoil
where:

Rpet = netresistance of beam (Ib.)

Mp = momentcapacity of beam (in-Ib)
wcight of beam (Ib)

weight of overlying soil (Ib)

Wbeam
Wsil

]

2. Equation of Motion

@ e, ——— e D
v
~

F(1) Vel _lk
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Equation of Motion:

Elastic Range y<yg}
MEy +cy+ky~F(t)=0

Plastic Range ye<y<ym
Mgy+cy+Rpy —F(t)=0

After yp has been reached (ym —Zyd)<y<ym:
ME§ +cy +Rm —k(ym —y)-F(t)=0

Integration of the equation of motion can be performed using any well-known procedure,

such as the simple constant-velocity method:

yO+D =y 4y AL

(s) (s~1)
Vay = -"—-—%—-—+ At

To start the procedure, use the special equation:

y® = 20+50 2

6
which must be solved iteratively because (1) depends on y(1)-
3. Dyuomie Shear Force
a. Approximate Method:

Elastic Range:
V()= 0.39R(t)+0.11F(t)

Plastic Range
V(t) =0.38R, +0.12F(t)




b. Modal Analysis - Elastic Range Only

i 2
: n

where:
P; = magnitude of uniform load at time zero (Ibfin)
E,I = modulus of elasticity and moment of inerta
m = mass per unit length (Ib-m sec2/in/in)
n = mode numbes; 1,3,5,....
®p = natural frequency for mode n

DLF(t)

dynamic load factor corresponding to natural frequency My,

Natural freqency ©®n

2,2

‘Dynamic Load Factor DLF,

t<ty:

DLF,; = l—cos(mnt)-ﬁ--sl-n-(-‘-?-nﬂ—-t—
Onty td

t>tg:

DLF, = Z)Jt—-(sin(mnt) ~sin Wy (t=tq)) - cosmpt
n'd

The above calculations are performed for normal modes 1,3, and 5 for each time
step of the numerical integration procedure (even numbered modes do not contribute for
symmetric loading). The shear calculated by modal analysis is cotnpared with the
dynamic reaction calculated from the approximate method, and the larger value is used
for designing the shear reinforcement.
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Deflection (i)

Defiection (in)
L
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APPENDIX B - PROTOTYPE BEAM TEST DATA
Deflection Between Support & Load
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Figure B-1. Beam 10A Load Deflection Data Between Load and Support Points.

Deflection at Load Points
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Figure B-2. Beam 10A Load Deflection Data at Load Point.
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Figure B-3. Beam 104 Load Deflection Data at Midspan.
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Figure B-4. Beam 10A Strain Gage Data for Leve] ] Gages.
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Figure B-5. Beam 10A Strain Gage Data for Level 2 Gages.
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Figure B-6. Beam 10A Strain Gage Data for Level 3 Gages.




Level 4
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Figure B-7. Beam 10A Strain Gage Dara for Level 4 Gages.

Level §

Microstrains
{Thousands)

'20 1 T T T T T

Displacement (in)

-~ Gage 5 -+ Gage 12 - Gage 19 —« Gage 26

Figure B-8. Beam 10A Strain Gage Data for Level 5 Gages.
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Figure B-9. Beam 10A Strain Gage Data for Level 6 Gages.
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Figure B-10. Beam 10A Strain Gage Data for Level 7 Gages.
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Deflection Between Support & Load
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Figure B-11. Beam 10B Load Deflection Daia Between Load and Support Points.
Deflection at Load Points
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| Figure B-12. Beam 10A Load Deflection Data at Load Point,
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Deflection at Mid Span

Dellection (in)

'1 i 1 i H
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Figure B-13. Beam 10A Load Deflection Data At Midspan.
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Figure B-14. Bcam 10A Strain Gage Data for Level 1 Gages.
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Figure B-15. Beam 10B Strain Gage Data for Level 2 Gages.
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Figure B-16. Beam 10B Strain Gage Dara for Level 3 Gages.
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Level 4
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Figure B-17. Beam 10B Strain Gage Data for Level 4 Gages.
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Figure B-18. Beam 10B Strain Gage Data for Level 5 Gages.
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.7~

.14 4

Microstrains
{Thousands)

5
»
[ d
1

-----------------------------------------

Pt I SRR RN A T R I S iy i - - -

‘35 L] 1 4

g

Displaczment (in)

—+- Gage § —+~ Gage 13 -6~ Gage 20 ~a~ Gage 27
Figure B-19. Beam 10B Strain Gage Data for Level 6 Gages.
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Figure B-20. Beam 10E Stain Gage Data for Level 7 Gages.
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Deflection Between Support & Load

Deflection (in)
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Figure B-21. Beam 16A Load Deflection Data Between Load and Support Foints.

Deflection at Load Points

Deflection (in)
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Figure B-22. Beam 16A Load Deflection Data at Load Point.
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r Deflection at Mid Span
o Kot 10
- '*‘ g - t
: )
] = 6 -
‘~ ‘. S e mearm———
[~
. 8 47
.
\,A " 2 -
d
‘l '. () e Y T Y T
e 0 20 40 60 80 100 120
, Load (kips)

iy Figure B-23. Beam 16A Load Deflection Data at Midspan.
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0 ) Figure B-24. Beum 16A Strain Gage Data for Level 1 Gages.
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Figure B-25. Beam 16A Strain Gage Dawa for Level 2 Gages.
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Figure B-26. Beam 16A Strain Gage Data for Level 3 Gages.
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Figure B-27. Beam 16A Strain Gage Data for Level 4 Gages.
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Figure B-28. Beam 16A Stain Gage Data for Level 5 Gages.




Level 6

-12

Microstraing
(Thousands)
™

-24 ~

Displacement (in)

-~ Gage 6 -~ Gage 13 —— Gage 20 -a~ Gage 27

Figure B-29. Beam 16A Strain Gage Data for Level 6 Gages.
Level 7

I3 R e T I R S R R A R

-
»
s

Microstrains
{Thousands)
o

-30 Y

Displacsment (in,

—— Gage 7 —— Gage 14 - Gage 21 ~a— Gage 28

Figure B-30. Beam 16A Strain Gage Data for Level 7 Gages.
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Deflection Between Support & Load
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Figure B-31. Beam 16B Load Deflecton Data Between Load and Support Points.

Deflection at Load Points
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Figure B-32. Beam 16A Load Deflection Data a: Load Point.
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Deflection at Mid Span
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Figure B-33. Beam 16A Load Deflection Data at Midspan,
Level 2
25
20----;----------..; ----------------------------

.............................

—
th
—

Microstrains
{Thousands)

..............................
>

-
<
3

0 2 4 6 B 10 12 14
Displacement (in)

== Gage 2 —— Gage § —o— Gage 16 - Gage 23

Figure B-34, Beam 16B Strain Gage Data for Level 2 Gages.
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Figure B-35. Beam 16B Strain Gage Data for Level 3 Gages.
Level 4
2000

1200 A

800 -

400 -

Displacement (in)

- Gage 4 -+ Gage 11 —%— Gage 18 & Gage 25

Figure B-36.

Beam 16B Strain Gage Data for Level 4 Gages.
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Figure B-37. Beam 16B Strain Gage Data for Level 5 Gages.
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Figure B-39. Beam 16B Strain Gage Data for Level 6 Gages.
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Figure B-40. Beam 16B Strain Gage Data for Level 7 Gages.




